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Suma´rio
A instalac¸a˜o do detector ATLAS na caverna experimental, decorreu entre 2005 e 2009.
Durante este perı´odo, te´cnicos, engenheiros e fı´sicos trabalharam arduamente na preparac¸a˜o
do detector para o seu principal objectivo: estudar a fı´sica de altas energias nas novas
fronteiras definidas pelamais elevada energia de centro demassa (14 TeV) e alta luminosidade
(1034cm−2s−1 nominal) em experieˆncias de colisionadores. Esta tese inscreve-se no contexto
deste ambiente intenso emotivador que envolveu todos osmembros deATLAS na preparac¸a˜o
do detector para coliso˜es prota˜o-prota˜o i.e. durante o periodo de certificac¸a˜o com muo˜es de
radiac¸a˜o co´smica e os sistemas de calibrac¸a˜o e monitorizac¸a˜o do detector. Em 2008 durante o
perı´odo conhecido como singlebeam muo˜es resultantes da colisa˜o de um feixe proto˜es contra
colimadores do LHC, foram utilizados para avaliar o desempenho do detector. Este trabalho
foi fundamental para preparar o detector para as primeiras coliso˜es no LHC que comec¸aram
em Novembro de 2009.
Antes das coliso˜es comec¸arem, as u´nicas partı´culas de altas energias disponı´veis para
estudar o desempenho dos detectores do LHC eram os muo˜es produzidos na interacc¸a˜o
das partı´culas co´smicas com os mais altos estratos da atmosfera. Estes muo˜es co´smicos sa˜o
as u´nicas partı´culas que e´ possı´vel detectar e que chegam a` superfı´cie terrestre em nu´mero
suficiente para poderem ser utlizadas em estudos de desempenho dos diferentes sub-sistemas
dodetectorATLAS.O trabalhodesenvolvidopormimdurante omeudoutoramento e que sera´
detalhadamente neste documento foca a calibrac¸a˜o em energia e sincronizac¸a˜o do calorı´metro
hadro´nico de telhas cintilantes de ATLAS (TileCal) utilizando os muo˜es co´smicos. Estes dois
to´picos de estudo sa˜o agora apresentados suma´riamente:
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Contribuic¸a˜o para a calibrac¸a˜o em energia do calorı´metro TileCal
A escala de energia electromagnetica foi determinada durante os testes com feixes de
partı´culas utilizando apenas 12% do nu´mero total de mo´dulos. De forma a medir com
umme´todo independente a escala de energia electromage´tica e avaliar a resposta do detector
em func¸a˜o de η e φ, aplicado agora a todos os mo´dulos do calorı´metro TileCal, sa˜o utilizados
muo˜es co´smicos. A minha contribuic¸a˜o consistiu em validar a escala de energia global e a
uniformidade da resposta em energia em φ utilizando o algoritmo TileMuonFitter. O me´todo
descrito neste documento permitiu validar a escala de energia, inter-calibrada com o sistema
de calibrac¸a˜o com ce´sio, comumaprecisa˜omelhor que 5% emedir umauniformidade tambe´m
melhor que 5%. Uma diferenc¸a de 3% entre a camada radial A e a camada radial D foi medida,
indicando a necessidade de prosseguir os estudos da escala de energia utilizando agoramuo˜es
isolados. Estes resultados obtidos com umme´todo independente esta˜o consistentes com uma
ana´lise anterior, descrita no artigo de readiness para coliso˜es do calorı´metro TileCal [18].
Embora os calorı´metros na˜o sejam desenhados e construı´dos para detectarem muo˜es, estas
partı´culas elementares sa˜odeumagrande importaˆncia na˜o so´ para a certifica¸ca˜odosdetectores
do LHC mas tambe´m no programa de fı´sica do LHC. Antes de chegarem a`s camaˆras do
espectro´metro demuo˜es, os muo˜es produzidos como resultado das coliso˜es prota˜o-prota˜o (p-
p) do LHC va˜o perder energia nos calorı´metros, sendo necessa´rio introduzir correcc¸o˜es nos
algoritmos de reconstruc¸a˜o. Estas correcc¸o˜es sa˜o aplicadas a todos os muo˜es que atravessam
o calorı´metro e em particular em processos fundamentais para a calibrac¸a˜o de alto nı´vel do
detector que inclui a reconstruc¸a˜o de objectos complexos como o bosa˜o Z no seu decaimento
para dois muo˜es. Te´cnicas de isolamento sa˜o utilizadas no designado canal-de-ouro para a
descoberta do bosa˜o deHiggs, emque o bosa˜o deHiggs decai para quatro lepto˜esH→ZZ→ 4l
e onde o isolamento de muo˜es utilizando os calorı´metros desempenha um papel importante
na eliminac¸a˜o do fundo de QCD. A resposta do TileCal a muo˜es podera´ ter um impacto
relevante na descoberta de nova fı´sica para ale´m do modelo padra˜o, como a de modelos
Super-Sime´tricos, e em particular nos testes de modelos onde se inclui a procura de partı´culas
esta´veis e de massa elevada, sendo que e´ esperado que algumas destas partı´culas massivas,
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devido a` sua elevada massa, tenham um desempenho semelhante ao dos muo˜es. O trabalho
desenvolvido com muo˜es co´smicos na˜o so´ e´ importante para a certificac¸a˜o do detector como
pode ainda ser relevante para a fı´sica do LHC no detector ATLAS. Compreeder a resposta dos
muo˜es no calorı´metro TileCal assim como ter sob controlo a escala de energia electromagnetica
sa˜o pontos fundamentais para se obter o melhor desempenho do detector ATLAS.
Sincronizac¸a˜o do calorı´metro TileCal
A sincronizac¸a˜o do calorı´metro TileCal foi efectuada durante 2008 combinando medic¸o˜es
do sistema de calibrac¸a˜o com laser e com partı´culas de alta energia: muo˜es co´smicos e
muo˜es de coliso˜es do feixe com colimadores do LHC single beam. No meu trabalho de tese
realizei estudos com os muo˜es provenientes destas tuas fontes mas com diferentes objectivos.
Utilizando dados do single beam mediram-se correcc¸o˜es a` velocidade de propagac¸a˜o da luz
nas fibras o´pticas, um dos paraˆmetros utilizados na sincronizac¸a˜o com laser. O valor medido
de 18.5 cm/ns levou a uma actualizac¸a˜o deste paraˆmetro do sistema de calibrac¸a˜o com laser. O
trabalho realizado com muo˜es co´smicos consistiu na determinac¸a˜o das correcc¸o˜es de tempo
quer para torres (agrupamento de ce´lulas) quer para ce´lulas individuais. Estas correcc¸o˜es
na˜o sa˜o mais do que os desvios de tempo que ainda existem mesmo apo´s a a sincronizac¸a˜o
com o sistema de laser. Os resultados finais mostraram que as medic¸o˜es com os muo˜es
co´smicos e com o single beam teˆm um acordo melhor do que 2 ns. A medic¸a˜o do tempo de um
evento e´ fundamental para o funcionamento do detector e todos os sistemas tem que estar
internamente sincronizados e sincronizados externamente com o relo´gio do LHC ( f = 125 ns
dado pelo cruzamento de pacotes do feixe p-p). No calorı´metro TileCal o tempo tem umpapel
importante na reconstruc¸a˜o em energia devido aos constrangimentos severos de operac¸a˜o do
LHC que apenas permitem uma iterac¸a˜o na reconstruc¸a˜o do sinal. O tempo de cada um dos
10000 canais do TileCal tem de ser conhecido com a precisa˜o de alguns nanosegundos de
forma que os coeficientes correctos sejam utilizados pelo algoritmo de Optimal filter na u´nica
iterac¸a˜o disponı´vel. A medic¸a˜o do tempo e´ tambem importante para: seleccionar partı´culas
que veˆm de coliso˜es p-p, definir a qualidade de um evento e e´ ainda a quantidade mais
sensı´vel para a descoberta de partı´culas lentas e de massa muito elevada que sa˜o previstas
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em modelos para ale´m do modelo padra˜o.
Esta tese divide-se em 7 capı´tulos. O primeiro e´ introduto´rio e apresenta o acelerador
Large Hadron Collider, o detector ATLAS e os objectivos globais de fı´sica. No segundo capı´tulo
o calorı´metro TileCal e´ descrito com algum promenor apresentado a geometria, os sistemas
de calibrac¸a˜o e os resultados de desempenho em testes com feixes de partı´culas. O terceiro
capı´tulo apresenta as motivac¸o˜es para a ana´lise desenvolvida centrando a discussa˜o na escala
de energia e sincronizac¸a˜o em tempo do calorı´metro TileCal. Para ale´m do interesse intrı´nseco
para o pro´prio calorı´metro TileCal, tambe´m e´ discutido o papel que estas quantidades teˆm
no funcionamento de todo o detector, assim como em alguns canais de fı´sica particulares. No
Capı´tulo 4 a fase de certificac¸a˜o do detector e´ apresentada, focando algumas das actividades
desenvolvidas neste perı´odo, comdestaquenaquelas emquedei aminha contribuic¸a˜o durante
o desenvolvimento do meu trabalho de tese. A parte central do trabalho de tese encontra-se
nos dois capı´tulos seguintes. No Capı´tulo 5 sa˜o apresentados os resultados sobre a escala
de energia electromagne´tica e uniformidade em φ utilizando o algoritmo TileMuonFitter.
O Capı´tulo 6 e´ dedicado aos metodos utilizados na sincronizac¸a˜o do detector com dados
de muo˜es co´smicos e respectivos resultados. Por fim no Capı´tulo 7 sa˜o apresentadas as
concluso˜es do trabalho desenvolvido.
Palavras chave: calorimetria, commissioning, muo˜es, uniformidade, sincronizac¸a˜o
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Summary
The installation of the ATLAS detector in the experimental cavern, took place from 2005 until
2009. During this period, technicians, engineers and physicists have been intensivelyworking
on the preparation of the detector for its main objective: probing the new frontiers of high
energy physics with the LHC, the particle collider with the largest center of mass energy
(14 TeV nominal) and very high luminosities(1034cm−2s−1 nominal). The context of this thesis
was this challenging environment that involved all ATLAS members in the preparation of
the detector for collisions during the period of the detector commissioning with cosmic ray
muons and with calibration and monitoring systems. In 2008 during a short period of time
single beam data was available and was used to study the detector response. This large effort
was fundamental to prepare the detector for the first collisions at the LHC that started in
November 2009.
Before collisions started, the only high energyparticles available for studieswith the LHC
detectors were the muons produced by the interaction of cosmic particles in the atmosphere.
These cosmic ray muons are the only detectable particles reaching the earth surface in
quantities large enough to study the performance of the different sub-systems of the ATLAS
detector. Thework I havedevelopedduringmyPhDand thatwill be detailed in this document
is centered on the energy calibration and synchronization of the Tile Calorimeter, the barrel
hadronic calorimeter of ATLAS, using cosmic ray muons. The two main topics of study are
now summarized:
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Contribution to the energy calibration of the Tile Calorimeter
A electromagnetic energy scale was set in testbeam using high energy particles for 12%
of the Tile Calorimeter modules. My contribution was centered in the validation of the
global energy scale algorithm and the detector’s energy response uniformity in φ using the
TileMuonFitter. The results presented in this document have shown that both the energy
scale application, from testbeam to all modules in the experimental cavern, and the energy
uniformity in φ are better than 5%. A difference between radial layers A and D of 3% is
measured and it is something not completely understood and must be studied later using
e.g. isolated muons from collisions. The used data stream and method, still have shown
that a full coverage in φ can be achieved for these measurements. These results obtained
with an independent method are consistent with an earlier analysis, reported in the readiness
paper of the Tile Calorimeter [18]. Calorimeters are not designed and developed for the
detection of muons however they play an important role on the commissioning of the LHC
detectors and physics program. Before reaching the muon chambers the muons produced in
collisions will lose energy in the calorimeter volume. Corrections on the energy loss in the
calorimeters are necessary to improve the precision of the muon momentum measurement.
This correctionmus be applied to anymuons crossing the calorimeter volume and inparticular
in fundamental processes used on the final calibration of the detector which includes complex
objects as the Z boson decaying to two muons. Lepton isolation techniques are used in the so
called golden-channel for the Higgs boson discovery, the decay to four leptons H→ ZZ→ 4l,
for the rejection of QCD background. The Tile Calorimeter performance with muons can
have an important impact in physics beyond the standard model, such as Super-Symmetry,
for instance on the search for stable massive particles, since some of these massive particles
are characterized by having an energy loss in the calorimeter similar to muons. The work
developed with cosmic muons can also be applied later using muons produced in collisions
to monitor the EM scale during the LHC operation. So the work developed with cosmic ray
muons is not only important for the commissioning of the detector but can also be relevant
for the physics of the LHC to be done with the ATLAS detector. Understanding the response
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of the Tile Calorimeter to muons as well as to have under control the EM energy scale are
fundamental to achieve the best performance of the ATLAS detector.
Synchronization of the Tile Calorimeter
The Tile Calorimeter synchronization was established during 2008 combining measurements
with the laser system and high energy particles: cosmic ray muons and muons from single
beam. Theworkpresented in this thesis uses both types ofmuons, butwith different objectives
inmind. Using the single beam data weremeasured corrections to the velocity of propagation
of light in the clear fibers, a parameter used in the laser synchronization. The measured value
of 18.5 cm/ns resulted in the update of this parameter in the laser calibration system. The
work done with cosmic muons consisted in the determination of the time offsets of the Tile
Calorimeter measured both for towers and individual cells. The time offsets were calculated
as the residuals after the synchronization made with the laser system. The final results have
shown that the cosmic ray muons and single beam data agree within less than 2 ns. The
timing is fundamental for the operation of the detector and all systems must be internally
synchronized and externally synchronized with the LHC clock ( f = 125 ns given by the bunch
crossing). The timing plays an important role in the energy measurement due to the stringent
operation conditions of the LHC that require the online signal reconstruction for the Tile
Calorimeter channels to be done without iterations. The time of each channel must be known
with a precision of the order of a few nanoseconds so that the correct parameters are chosen
for the online reconstruction method. Time is also used to select particles that come from p-p
collisions, to provide quality factors on the selection of events, and it is the most sensitive
quantity for the discovery of slow long lived particles, also called stable massive particles,
that are predicted in models beyond the Standard Model.
This thesis is divided in 7 chapters. The first is introductory and presents the Large
Hadron Collider, the ATLAS detector and its physics goals. In Chapter 2 the Tile Calorimeter
is described in some detail presenting the geometry, calibration systems and performance
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features obtained from the last testbeam results. The following chapters are dedicated to the
commissioning of the Tile Calorimeter with cosmic ray muons. The third chapter presents
the motivations for the work developed, focusing on the energy scale and synchronization
of the Tile Calorimeter. These quantities are of course important in the overall detector
performance and have also a larger importance in specific physics channels. Chapter 4
introduces the commissioning and gives a brief overview of the activities during this stage, it
is mostly descriptive but also reporting with some detail the activities in which I contributed
during the development of my thesis work. The main contributions to the Tile Calorimeter
commissioning is included in the next two chapters. Chapter 5 presents the results on the
energy scale and uniformity in φ using the TileMuonFitter. Chapter 6 is dedicated to the
methods and results for synchronization with cosmic ray muons data. Finally in Chapter 7
conclusions are given.
Keywords: calorimetry, commissioning, muons, uniformity, synchronization
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1 Introduction
This thesis is focused on studies with cosmic ray muons of the performance of the hadronic
barrel calorimeter of the ATLAS experiment [1], built to detect high energy events at the
Large Hadron Collider [2] at CERN. This chapter presents the main elements that build up
the background in which my work fits in and the global motivations for the development
and construction of this collider and these experiments. Later and in a dedicated chapter
(Chapter 3) the direct motivations of my work for the ATLAS experiment are discussed.
1.1 The Large Hadron Collider at CERN
The LHC collider and detectors are the largest and most complex scientific experiment, that
was ever built by mankind. The number of people involved, hardware parameters, and
goals are well above those of any others experiments that built until now. All this to explore
the structure of matter and explain the interactions of the elementary particles by colliding
bunches of protons from where physicists may reach for an answer to the still open questions
in the field of particle physics.
1.1.1 The accelerator
The accelerators complex that produces the 450 GeV beam injected in the Large Hadron
Collider (LHC) is shown in Figure 1.1. The LHC is a two-ring-superconducting-hadron
accelerator and collider installed in the ∼ 27 km tunnel that, between 1989 and 2000, hosted
the LEP e+e− accelerator. This is a particle-particle collider and two ringswith counter-rotating
beams are required unlike particle-antiparticle colliders that need only one ring. Figure 1.2
1
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Figure 1.1: The LHC complex where are visible the different stages of preparation of
the LHC beam: Linac → Booster → PS→ SPS→ LHC. The beams are
injected in the LHC ring with an energy of 450 GeV.
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illustrates this feature by showing the clockwise beam in red and the anti-clockwise beam
in blue. Other technical aspects are also indicated such as the injections points where the
450 GeV beam is introduced in the LHC rings, cleaning regions and dumping exits.
The LHC was designed to operate in proton-proton collisions with center of mass
energies of up to 14 TeV and luminosities up to L = 1034cm−2s−1. Each beam can have up
to 2808 bunches (+ 756 empty bunches), each bunch has 1.15× 1011 protons and a length of
7.55 cm. The crossing angle between beams is 285 µrad. For a fill with the nominal design
parameters, the beam bunches collide every 25 ns and give rise to an average of 23 inelastic
collisions per bunch.
The rate of events produced in a collision can be calculated as:
Nevent = Lσevent
where σevent is the cross section of the relevant physics process and L is themachine luminosity.





4 π ǫn β∗
· F
where Nb is the number of particles per bunch, nb the number of bunches per beam, frev
the revolution frequency, γr the relativistic gamma factor, ǫn the normalized transverse beam
emittance, β∗ the beta function at the collision point, and F the geometric luminosity reduction








where θc is the full crossing angle at the IP, σz the RMS bunch length, and σ∗ the transverse
RMS beam size at the IP.
Protons are not elementary particles so in the inelastic collisions the particles the
interacting will be its constituents the partons (quarks, gluons). An effective center of mass
3
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Figure 1.2: A scheme of the LHC accelerator showing the main characteristics of
the two circulating beams: one circulating clockwise and the other anti-
clockwise in two separate rings. Close to each of the interaction points
there are 140 m long ring segments that are used by both beams.
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energy must be defined:
√
se f f = 2 x1 x2
√
s
where xi the fraction of momentum carried by each parton.
1.1.2 The detectors
The LHC has two general-purpose and high luminosity experiments ATLAS and CMS having
a peak luminosity of L = 1034cm−2s−1 and three low luminosity experiments LHCb with L =
2× 1032cm−2s−1, TOTEM with L = 2× 1029cm−2s−1 and LHCf optimized for operation below
L < 1030cm−2s−1 for p-p collisions at
√
s = 14 TeV. It has still one experiment dedicated to ion
collisions that aims at L = 1027cm−2s−1 for nominal lead-lead ion operation. For the ion-ion
collisions the center of mass energy is of
√
s = 5.5 TeV per nucleon
ATLAS and CMS are competing experiments, since their global objectives are the same.
Although competitive, both experiments require that when ameasurement is observed in one
of them, a confirmation is required from the other. So both must be complementary in order
and specially to evaluate any discovery. It is common to refer them as experiments with a
general purpose and their physics goals are presented later in this chapter. This designation
is attributed in opposition to the other LHC experiments:
• LHCb that is dedicated to the precise measurement of CP-violation in the B-meson
system.
• TOTEM that is dedicated to the measurement of the total cross section of elastic proton
scattering, with an absolute error of 1 mb, and diffractive dissociation over a wide range
of momentum transfer.
• LHCf that is dedicated to the measurement of neutral particles emitted in the very
forward region of |η| > 8.4 with the goal of providing data for calibrating the hadron
interaction models that are used in the study of Extremely High-Energy Cosmic-Rays.
• ALICE was designed for ion-ion collision and will have as main focus the study of the
physics of strongly interacting matter at extreme energy densities (quark-gluon plasma)
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and provide a deeper understanding of quantum chromodynamics. However, ALICE
also proposes to use proton-proton collisions, both to compare with the ion collisions as
well as in physics areas where it can be competitive with the other LHC experiments.
1.1.3 Present status
The operating conditions for the present year (2010) and until the end of 2011 are a center
of mass energy of ∼ 7 TeV and a luminosity of the order of 1031 cm−2 s−1. At the time of
writing 162×109 collisions have occurred and a integrated luminosity of ∼ 2.3 pb−1 have been
accumulated.
1.2 The ATLAS detector
ATLAS is one of the general purpose detectors built for the LHC experiment. The detector
is divided in four main units as is characteristic of most high energy particle detectors: a
magnetic field, an inner tracker, a calorimeter and a outer tracker. Each one of these units has
a set of sub-systems that are responsible for a specific task. Figure 1.3 shows a cut-view of the
full detector, fromwhere the different elements mentioned can be depicted. ATLASmeasures
44 m in length and 25 m in height and weighs about 7000 tonnes.
1.2.1 Magnetic field systems
The magnetic field in ATLAS is produced by the composition of three systems: the solenoid,
the barrel toroid and the end-cap toroid. Their main characteristics are summarized in
Table 1.1. The magnetic field will deflect particle’s trajectories according to their mass and
charge, this is fundamental for an unambiguous determination of the particle’s type and
charge. The solenoid encloses the ATLAS inner trackers and has a magnetic field peak
strength of about 2 Tesla.
The two toroids systems are located outside the calorimeters and between the muon
chambers that are the sensitiveparts of the outer tracker. The combinationof these two systems
builds up what is called the muon spectrometer and is mainly used for the reconstruction of
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Figure 1.3: A cut-view scheme of the ATLAS detector showing its main elements and
dimensions.
muons and their characterization. However, somemodels beyond the standardmodel predict
the existence of exotic particles of either electromagnetic or hadronic nature, that may reach
the outer parts of the ATLAS detector and leave hits in the muon chambers.
1.2.2 Inner tracker
The ATLAS inner tracker is composed of three different detectors: the silicon pixel tracker
(Pixels), the transition radiation tracker (TRT) and the semiconductor tracker (SCT), shown in
Figure 1.4. The three systems combined cover a region of |η| < 2.5 and have a target resolution
for the momentum of
σ(pT)
pT
= 0.05% pT ⊕ 1%
To identify tracks and measure their momentum, are challenging tasks under the high
multiplicity environment of p-p collisions at nominal LHC luminosity. With an average
of 23 collisions more than 1000 particles are produced each bunch-crossing (every 25 ns),
7
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Solenoid Barrel Toroid End-cap Toroid
Length 5.3 m 25.3 m 5 m
Outer Diameter 2.63 m 20.1 m 10.7 m
Coils
1 coil 8 coils with individual
cryostat
2×8 coils with common
cryostat
Nominal current 7.73 kA 20.5 kA 20.5 kA
Peak filed strength 2 T 3.9 T 4.1 T
Stored energy 39 MJ 1100 MJ 2×250 MJ
Thickness 0.66 X0 — —
Table 1.1: ATLAS magnetic field main characteristics
Figure 1.4: The inner detector of ATLAS: Pixels detector, Semiconductor Tracker and
Transition Radiation Tracker.
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producing a high track density that must be scrutinized to identify the tracks belonging to
the interesting event. In addition, the inner detector has the task of measuring the position of
event vertex and contribute to the electron identification.
The precision tracking detectors, the SCT (6.3 million channels) and Pixels (80.4 million
channels), cover the region of |η| < 2.5. Their arrangement varies depending on the position
in η and they are segmented in R−φ and z. Closer to the interaction point they are arrange
in concentric cylinders around the beam axis while in the end-cap regions they are located on
disks perpendicular to the beam axis. The intrinsic accuracies for the Pixels are: in the barrel
10 µm in R−φ and 115 µm in z and in the end-cap 10 µm in R−φ and 115 µm in R. For the SCT
the intrinsic accuracies are: in the barrel 17 µm in R−φ and 580 µm in z and in the end-cap
17 µm in R−φ and 580 µm in R. Typically the Pixels have three space points per track and the
SCT 4 space points.
In the TRT (315000 channels) typically 36 hits per track are produced that enables track
reconstruction up to η < 2.0. These are 4 mm straw tubes: 144 cm long positioned parallel to
the beam axis in the barrel region and 37 cm arranged radially in wheels perpendicular to the
beam axis. The intrinsic accuracy is of 130 µm per straw.
1.2.3 Calorimeters
The electromagnetic calorimeter is used to stop and detect the electromagnetic components
of the particle’s decays and measure showers produced electrons and photons. This is crucial
for the separation of particles that produce electromagnetic showers from the ones producing
hadronic jets. The latter are stopped and their properties measured using the hadronic
calorimeters. In most cases the deposited energy by hadrons is divided between the two
calorimeter systems and a combined reconstruction is necessary.
The electromagnetic calorimeter is a sampling calorimeter using Liquid Argon (LAr)
as the sensitive material and lead as the absorber. It has an accordion (Figure 1.6) geometry
motivated by the desire to eliminate projective azimuthal cracks that contribute to the constant
term of the electromagnetic energy resolution. An early design requisite was a constant term
9
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Figure 1.5: The ATLAS calorimeters
Figure 1.6: The accordion geometry of the absorber plates and the honeycomb spacers
of the LAr barrel electromagnetic calorimeter.
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of 0.7% or less to provide the best possible energy resolution for high-energy electromagnetic
objects, as was the case for the H0 → γγ channel. Currently in the Higgs boson mass searches
this is not themost sensitive discovery channel due to the limits set to theHiggs boson searches







It has 3 longitudinal samples covering a region of |η| < 2.5 and a preshower detector covering
a region of |η| < 1.8. It has 173 000 channels in the readout.
The hadronic calorimeter uses two different technologies to sample the signal from
hadronic jets. In the barrel, covering a region of |η < 1.7|, is the scintillator tile calorimeter
(Tile Calorimeter) that has 3 mm scintillating tiles as the sensitive medium and steel as the
absorber, using approximately 10 000 channels in the readout (more details are given on the
Tile Calorimeter in the dedicated Chapter 2). The end-cap and forward hadronic calorimeters
that cover the region of |η| > 1.7 use the same technologies as the electromagnetic calorimeter
but with copper (Cu) as the absorber, in the end-cap region and tungsten (W) as the absorber
in the forward region. The end-cap has 4 longitudinal samples and the forward 3 longitudinal
samples and they have approximately 10 000 channels in the readout. The design resolution
for the hadronic calorimetry depends on the |η| region and are defined based on performance













+10% η > 3
The calorimeters are readout by the Level 1 trigger to define regions-of-interest that are later
communicated to the Level 2 trigger.
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Figure 1.7: Themuons spectrometer of the ATLAS detector. The different sub-systems
are evidenced the MDT, CSC, RPC and TGC.
1.2.4 Muon Spectrometer
The outermost detector is used for the collection of the charged particles that escape the
calorimeter volume. Within the present knowledge of particle physics the only particles
reaching these chambers produced in proton-proton collisions are the muons from decays of
the collisions products. The measurement and identification is made combining the muon
chambers with the barrel toroid magnetic field in |η| < 1.4 and the end-cap toroid in |η| > 1.6.
The intermediate region uses the combination of the twomagnetic fields to bend the particles.
The design momentum resolution requirement for muons is
σpT
pT
= 10% at pT = 1TeV
Themuon spectrometer is divided in twomain parts: the high precision tracker systems
and the triggering systems. The characteristic parameters of these systems are listed in
Table 1.2 The precision trackers include the Monitored drift tubes (MDT) for most of the η
12
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MDT
Coverage η < 2.7 (innermost layer: η < 2.0)
Number of chambers 1150
Number of channels 354 000
Function Precision tracking
CSC
Coverage 2.0 < η < 2.7
Number of chambers 32
Number of channels 31 000
Function Precision tracking
RPC
Coverage η < 1.05
Number of chambers 606
Number of channels 373 000
Function Triggering, second coordinate
TGC
Coverage 1.05 < η < 2.7 (2.4 for triggering)
Number of chambers 3588
Number of channels 318 000
Function Triggering, second coordinate
Table 1.2: Parameters of the muon spectrometer.
range and Cathode strip chambers (CSC) for 2 < |η| < 2.7. The latter have a larger granularity,
necessary to handle the larger rate of particles in the forward region. In the triggering systems,
providing bunch crossing identification andwell defined pT thresholds, are the Resistive plate
chambers (RPC) in the barrel region and the Thin gap chambers (TGC) in the end-cap region
covering the region of |η|< 2.4. These chambers still contribute to the track reconstruction and
momentum measurement by measuring the muon coordinate in the direction orthogonal to
the one determined by the precision tracking chambers.
1.2.5 Trigger and DAQ system
The trigger system is divided in three levels: L1, L2 and event filter. The L1 selection is
hardware based but the other two are already software based.
The collisions occur every 25 ns which means that the L1 trigger will receive data at a
rate of 40 MHz. The L1 trigger combines the information from calorimeters (L1-Calo) and
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the muon spectrometer (L1-Muon). It will search for high transverse momentum muons,
electrons, photons, jets, and τ-leptons as well as a large missing and total transverse energy.
The L1 defines one or more regions of interest in (η,φ) that later are passed to the next trigger
levels. It is required that the L1 trigger takes a decision in 2.5 µs reducing the rate to 75 kHz.
The L2 trigger uses the ROIs defined by the L1 trigger, runs its algorithms and with its event
selection, should reduce the trigger rate to approximately 3.5 kHz, with an average event
processing time of 40ms. The event filter will make the last event selection reducing the event
rate down to 200 Hz. Each selected event is approximately 1.3 Mbyte in size.
1.3 The Standard Model of particles physics
The standardmodel (SM)describes the electromagnetic, weak and strong interactions between
elementary particles. These interactions are theoretically described with the combination of
the gauge symmetry groups SU(3)×SU(2)×U(1). The elementary particles if the spin is half-
integer are called fermions and if the spin is integer are called bosons. To any elementary
particle is associated an anti-particle that has the same mass and lifetime but with opposite
charge. The fermions are divided in a set of free particles the leptons and another set of
particles that are not free, i.e. only existing as bounded states of more complex and non-
elementary particles as the proton and the neutron (quark trios - baryons) or pions and kaons
(quark and anti-quark mesons), and these are called the quarks. The only stable lepton is
the electron, both the µ and τ are not stable and both decay to electrons with life-times of
2.2×10−6 s for the muons and of 2.9×10−13 s for the τ. For the quark bounded states there is
only one stable particle, the proton that is build up from the u and d quark (uud).
The bound states of the quarks lead to the hypothesis of a new property only associated
to these particles that it is called colour. The colour of particles is not visible i.e. directly
measured. This property can also summarized by saying that all visible particles are
colourless. Although not visible the experimental results have shown e.g. that the difference
between the number of hadronic decays of the Z boson are larger than the ones observed for
leptonic decays in a such a way that confirms the existence of 3 color quantum numbers that
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leptons charge quarks charge
e 1 u 23
µ 1 d − 13
τ 1 c 23




ντ 0 b − 13
bound the quarks.
Bosons have a fundamental role on the theory since they are the carriers of the different
interaction. The photon is the carrier of the electromagnetic force such as in processes like the
photoelectric effect, the Compton effect or pair production. The W± and Z0 are the carriers
of the weak force such as in any process where neutrinos take part (beta decay). The gluon
is the carrier of the strong force and describes the interactions between gluons and quarks.
Particles with electric charge can interact through the electromagnetic force, the strong force
requires the existence of colour and so only gluons and quarks can interact but all fermions
can interact through the weak force.
For all the above particles there is experimental data that directly or indirectly confirms
their existence however the model is still not fully summarized. There is a quantity that is
used to characterize particles and, in first order, distinguish them, that is the particles mass.
In the SM, the particle masses are introduced together with a new particle, the Higgs
boson. The masses of all the particles are free parameters, that must be determined
experimentally, and that it is included in the theory by the mechanism of spontaneous
electroweak symmetry breaking giving then mass to all elementary particles. The particles
mass depends on the strength of the coupling between the Higgs boson and the particle
and this justify the difference of masses for the different elementary particles. Something
that distinguishes this particle from the all others is that this one has not been observed in
experiments. This is the missing block necessary to fully validate the particle physics SM.
The interactions of particles are constrainedbyprinciples of conservation like the leptonic
flavour number, baryonic flavour number, charge conservation, colour conservation. From
experiment it is known that all these are conserved for the electromagnetic and strong
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interactions. However weak interactions have been observed to fail the conservation of
the baryonic flavour number in a manner that is described the Cabbibo-Koboyashi-Maskawa
mixing matrix and of the leptonic flavour number, now that neutrinos oscillations have
been experimentally confirmed. Another principle of conservation is the CPT-invariance,
for which the main test is confirm that particles and anti-particles have an equal mass and
life-time. Until now there is no evidence of CPT violation [3]. However CP-violation has
been observed (which is equivalent to T-violation given CPT-invariance) in kaons decays and
B-mesons decays.
The Standard Model (SM) of particle physics has been along the years a very successful
model with several experiments verifying its predictions. Although the LHC experiments
want to discover what is beyond, the SM main results measured for the last collider
experiments are references for the comprehension and calibration of the different detectors.
This is the present stage of the LHC detectors operation, measuring well known quantities to
verify the performance of the detectors. This is the subject of the next section.
1.3.1 Standard Model latest experimental results
This section concludes by briefly mentioning selected results from recent high energy physics
experiments, including the results from the collider experiments at:
1. LEP with the Aleph, Delphi, L3 and Opal detectors.
2. Tevatron with the CDF and D0 detectors.
3. Stanford Linear Collider (SLC) with the SLD detector.
TheLEPandSLCare lepton-positron colliders and theTevatron is a proton-antiproton collider.
The Z0 boson mass and width and the number of light neutrinos [4]
The first phase of LEP (LEP-I, 1989-1995) was dedicated to the study of theZ0 boson properties
in processes like e+e− → f f with a center of mass energy of 91 GeV. Figure 1.8 shows the final
results for the mass and width of this boson combining all the four LEP experiments. A
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mass MZ = 91.1875± 0.0021 GeV and a width of ΓZ = 2.4952± 0.0023 are the most precise
measurements achieved for these properties of the Z0 boson.
The Z0 decays will occur in a pair of particle and anti-particle to conserve the electric
charge, lepton number, baryonic number and colour. The only invisible decays should be the
decays to pairs of neutrinos. Figure 1.9 shows the dependence of the hadronic cross section
for the Z0 boson decays which is extremely sensitive on the number of light neutrinos. The
experimental results follow verywell the cross-section curve that corresponds to the existence
of 3 families of light neutrinos. The measured number wasNν = 2.9840±0.0082, in agreement
with the three observed generations of fundamental fermions.
W boson mass and width [5]
The W mass was measured both during the second phase LEP (LEP-II, 1996-2000) when the
center of mass energy was increased up to 161 GeV first and 209 GeV later to study processes
of the type e+e− → W+W−, and at the Tevatron (1985-Today) that is a proton-antiproton
collider running at FermiLab and that has been operating with center of mass energies of
1.96 TeV. The most recent combination of the results of the two accelerators for the mass and
width of the W boson are in Figure 1.10. A global average of MW = 80.399± 0.023 GeV and
ΓW = 2.085±0.042 GeV are the last public results.
Top mass
The top quark is the heaviest elementary particle and was the last quark to be experimentally
detected. Indirect predictions of its mass have been produced already at LEP and SLC but
its direct measurement was only made at the Tevatron. The result gives a top quark mass of
Mtop = 173.3±1.10 GeV [6].
Higgs boson mass searches
The limits on the searches of the Higgs boson have been set also by LEP and the Tevatron.
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(b) Z boson width
Figure 1.8: The Z0 boson average mass and width results from LEP-I experiments.
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Figure 1.9: The hadronic cross section dependence on the number of light neutrinos
families. The experimental results fit well to the 3ν case which validates
that the number of light neutrinos is three.
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W-Boson Mass  [GeV]
mW  [GeV]
80 80.2 80.4 80.6
c
2/DoF: 0.9 / 1
TEVATRON 80.420 ± 0.031
LEP2 80.376 ± 0.033
Average 80.399 ± 0.023
NuTeV 80.136 ± 0.084
LEP1/SLD 80.363 ± 0.032
LEP1/SLD/mt 80.365 ± 0.020
July 2010
(a) W mass
W-Boson Width  [GeV]
G W  [GeV]
2 2.2 2.4
c
2/DoF: 2.4 / 1
TEVATRON 2.046 ± 0.049
LEP2 2.196 ± 0.083
Average 2.085 ± 0.042
pp-  indirect 2.141 ± 0.057
LEP1/SLD 2.091 ± 0.003
LEP1/SLD/mt 2.091 ± 0.002
July 2010
(b) W width
Figure 1.10: W boson mass and width world average from LEP-II.
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Top-Quark Mass   [GeV]
mt   [GeV]
160 170 180 190
c
2/DoF: 6.1 / 10
CDF 173.0 ± 1.2
D˘ 174.2 ± 1.7
Average 173.3 ± 1.10
LEP1/SLD 172.6 +  13.3
-   10.2
LEP1/SLD/mW/ G W 179.2 
+  11.5
-    8.5
July 2010
Figure 1.11: Top quark mass direct measurement from the Tevatron. Other
experiments only have indirect measurement.
The LEP have made direct searches of the Higgs boson and established the lower limit of
114 GeV for the mass of the Standard Model Higgs boson. The Tevatron has advertised last
year a small exclusion interval of 162 GeV < MH < 166 GeV [8]. However from this year
summer conferences the Tevatron has presented preliminary results extending this exclusion
interval for masses between 158 GeV and 175 GeV [7]. This high mass measurement results
from using the decay of the Higgs boson to a pair of W bosons.
1.4 The Physics goals of ATLAS/LHC
The standardmodel (SM)hashadalong theyears a largenumber of predictions experimentally
confirmed. With the start of the LHC collisions with a center of mass energy
√
s = 7 TeV the
experiments will be in conditions to start searching answers to the still open questions in the
field of particle physics.
The search for the Higgs boson is one of the main objectives for the LHC experiments.
ATLAS as been designed aiming the discovery of this particle that in the SMgivesmasses to all
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Figure 1.12: Higgs boson mass limits. The shaded bands represent exclusion regions
for the Standard Model Higgs boson mass: MH <114 GeV at LEP
experiments [9] and 158 GeV < MH < 175 GeV [7] from TEVATRON
at Fermi Lab.
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Figure 1.13: Cross-section for the production of theHiggs boson as function of itsmass
for the LHC with
√
s = 14 TeV.
particles. The Higgs boson is fundamental to complete the SM as it is know today. If it exists
it will be produced in several processes as the ones of Figure 1.13 [10] where the cross-section
of the Higgs boson production is presented as function of its mass. The most sensitive decay
for the Higgs boson will change also with its mass as shown in Figure 1.14 [10].
The LHCwill be a top quark factory, producing millions of tt pairs in a sample of 10 f b−1.
The top quark has a mass of about 173 GeV measured at the Tevatron with a precision of the
order of 1 GeV [6]. Its mass is unexpectedly high when compared to the other elementary
particles, mainly the other quarks, and so some models predict it should have a different role.
The very high top quark mass sets a large number of questions, for example: if the top quark
mass is generated by the Higgs mechanism as the Standard Model predicts and if its mass
is related to the top-Higgs Yukawa coupling, or if it does play a more fundamental role in
the electroweak symmetry breaking mechanism [10]. The search for anomalies in top quark
production and decays could lead to first evidence of new physics. From experimental point
of view this particle will also be challenging since most part of the ATLAS subsystems must























Figure 1.14: Branching ratio of the Higgs boson decays as function of its mass for the
LHC with
√
s = 14 TeV.
If the Higgs boson does not exist, it will be necessary some other particle or process to
stabilize the top quark andW boson masses which in the SM have a direct dependence on the
Higgs boson mass. The large center of mass energy of the LHC will also allow the search for
new particles at the TeV scale that can give answers to open questions in the SM such as the
hierarchyproblem, the nature of darkmatter etc. Themost popularmodels for physics beyond
the SM are in Super-Symmetric theories (SUSY). In SUSY models with R-parity conservation,
it is predicted that the lightest super-symmetric particle will be stable and weakly interacting.
These two characteristics make the LSP a good dark matter candidate.
The LHC and its experiments are considered the final test to a SM with a mechanism
of electroweak symmetry breaking with and a particle with the characteristics of the Higgs
boson. There are strong theoretical motivations to expect that new physics will be present at
the TeV scale andwithin reach of the LHCexperiments. The LHChas started very successfully,
with the early measurement of several resonances as well as the first Z andW bosons decays;
what its achievements will be cannot be exactly predicted, but the next few years will be
extremely exciting for all particle physicists.
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The performance of the hadronic scintillating tile calorimeter of ATLAS is the sub-system of
ATLASwhose performance is discussed in the analyses presented in Chapter 5 and Chapter 6.
In what follows is presented and overview of the Tile Calorimeter detector, including the
calibration and monitoring tools necessary to guarantee the stability of its performance.
Results from testbeam periods conclude this chapter since they represent the experimental
status of the Tile Calorimeter prior to the phase of commissioning in the experimental cavern
with cosmic muons.
2.1 Tile Calorimeter description
The coordinates system of ATLAS defines z as the axis along the beam pipe, the y-axis point
upwards and the x-axis points to the center of the LHCaccelerator ring. Todefine the geometry
and elements in the detector volume both the cartesian and the spherical coordinates systems








The Tile Calorimeter [15] is the hadronic barrel calorimeter of the ATLAS [1] detector in
the region |η| < 1.7. It is a sampling calorimeter with scintillating tiles as the active medium
and steel as the absorber. The calorimeter structure is characterized by a periodic structure
along z of 18 mm where steel and scintillator plates are intercalated. These results in an
innovative geometry with the scintillating tiles positioned perpendicular to the beam axis.
The Tile Calorimeter main purpose is to stop and characterize the hadrons produced in
collisions or from the decay of other particles. A more developed discussion on the role of
the Tile Calorimeter in physics analyses is covered in Chapter 3. In the following the detector
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Figure 2.1: The Tile Calorimeter partitions: EBA, LBA, LBC and EBC
geometry, readout principle and signal reconstruction are briefly described.
2.1.1 Tile Calorimeter Geometry
The Tile Calorimeter is composed of three cylinders positioned along the beam axis (z-axis)
with an inner radius of 2.28 m and an outer radius of 4.23 m. Along Z it has a length of
approximately 12 m covering the region of pseudo-rapidity |η| < 1.7. In the hardware labeling
convention of ATLAS detector the region with η < 0 is designated as the C side and η > 0 as
the A side. The central cylinder is the Long Barrel (LB = LBA+LBC) that covers the region
|η| < 1.0. Adjacent to the two lateral ends of the LB there are the Extended Barrels (EBA
and EBC) covering the region 0.8 < |η| < 1.7. Between each cylinder there is a gap required
for the distribution of services (cabling, cooling) to the most internal detectors, the LAr
electromagnetic barrel calorimeter and the Inner Detector. The structure of the calorimeter
is shown in Figure 2.1 where the four hardware partitions EBC, LBC, LBA and EBA are
identified. The Tile Calorimeter readout includes also the gap, crack and minimum bias
trigger scintillators (MBTS). The gap scintillators (E1 and E2) are located in the 1.0 < |η| < 1.2
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Figure 2.2: Tile Calorimeter cells and rows in the RZ plane.
region and are used for sampling the hadronic showers. The crack scintillators (E3 and E4) are
located in the 1.2< |η|< 1.6 region and are used for sampling the electromagnetic showers. The
MBTS, located in the 2.1< |η|< 3.8 region, are useful for the identification of beam background
and triggering in the (early) collisions phase. Each Tile Calorimeter partition is divided in
64 modules – φ segmentation. Each module is divided in cells, each one read-out by a pair
of photomultipliers. In total the Tile Calorimeter has 9856 channels, corresponding to 4672
cells, of which 512 channels are used to readout the gap, crack andMBT scintillators mounted
along the inner face of the EB modules. The division in cells follows a projective distribution,
illustrated in Figure 2.2 [11]. The cells define three radial samplings that are identified by the
letters A, B/C and D. The A and B/C cells are characterized by a segmentation in φ and η of
∆φ×∆η = 0.1×0.1 (2.1)
and for the D cells of
∆φ×∆η = 0.1×0.2 . (2.2)
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Figure 2.3: Tile Calorimeter module structure: sampling calorimeter with a steel
matrix where scintillating plastic tiles are embedded. The signal produced
in each scintillating tile by ionizing particles is double-readout two
photomultipliers. The signal is carried to the PMTs by WLS optical fibers.
2.1.2 Readout principle and front-end electronics
The ionizing particles crossing the detector volume lose energy and produce a light signal
proportional to the energy deposited in the scintillating tiles. The light is transported byWave
Length Shifting (WLS) fibers to the photomultipliers (PMTs). The detector is characterized
by a double readout with two PMTs reading the same unit volume – a cell. Due to the
cell segmentation described above 23 different WLS fiber lengths are necessary to collect the
signal from the different cells that are located at different radial distances from the readout
PMTs [13] [12]. A light mixer is placed in front of each PMT window to produce an uniform
light distribution. In Figure 2.3 a scheme of a Tile Calorimeter module is shown.
The PMTs collect the optical signal coming from the Tile Calorimeter cells to produce
an analog electronic signal. The signal is shaped and amplified in the 3-in-1 card and then
distributed by its four signal outputs. An analog integration output is connected one by one
to a slowADC integrator card used for calibration purposes andminimumbiasmeasurement.
A summing circuit called adder receives outputs from five front-end 3-in-1 cards and sends
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the analog sum to the L1 trigger processor. The remaining two are dedicated for the fast signal
digitization with a high gain (HG) output, for the very low energy deposits such as the ones
produced by muons, that typically leave about 2 GeV in Tile Calorimeter [15], and with a low
gain (LG) output for the larger energy deposit such as the ones resulting from jets that, in a
single cell, can reach energies of the order of the TeV. Each digitizer is composed of two 12-bit
Analogue-Digital converters (ADC), one for LG and the other for HG, a Timing Trigger and
Control receiver chip (TTCrx) and two data management unit (TileDMUs). Each digitizer can
receive and digitize the signal from up to six PMTs. In the LB there are 8 digitizers and in EBs
there are 6 digitizers.
2.1.3 Tile Calorimeter data acquisition concept
The PMT signals are always digitized, but their reconstruction depends on the arrival of a L1
accept signal. The digitization is done in the front-end-electronics (FEE) of the calorimeter
and the decision to accept the event comes from the L1 trigger system based on fast signals
from the muon spectrometer and calorimeters, including the analog sums provided by the
Tile Calorimeter. A Timing, Trigger and Control system (TTC) [16] is in charge of the detector
synchronization and is responsible for the distribution to the front-end electronics of fast
signals such as the 40MHz system clock and the L1 trigger accept (L1A), that are the most
relevant for the present discussion. These signals reach the TTCrx through optical fibers to be
converted into electronic signals and distributed. Within the signals distributed by the TTCrx
to the ADCs and TileDMUs are two clock signals:
• The 40MHz system clock that is distributed to the TileDMUs.
• A clock signal (clock40des2), synchronous with the system clock, with adjustable delay
in units of 0.104 ns up to 25 ns, is distributed to the Tile Calorimeter ADCs.
The clock40des2 clock is used to drive the sampling of the analogue signal in the digitizers
every 25 ns. The different 25 ns samples are sent to the TileDMUs units and stored in a pipeline
memory for up to 6400 ns waiting for the arrival of a L1A produced by the trigger processor.
The TTCrx distributes this signal to the TileDMUs that gives a command to allow the readout
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of seven consecutive 25 ns samples that are sent to the RODs for reconstruction. If necessary
the TileDMUs can be programed to delay the readout in units of 25 ns i.e. define from which
sample should the readout start.
2.1.4 Signal reconstruction in the RODs
The seven consecutive 25 ns samples are sent to the RODs where the amplitude and time
of the signal from a PMT are reconstructed using an optimal filter (OF) algorithm [17]. The
algorithm takes the weighted sum of the seven samples for which OF weights for amplitude










Aj Pulse amplitude proportional to the energy measured by PMT j.
τj Difference between the peak of the reconstructed signal and the 4
th sample start. This
phase is also called as the time of PMT j.
Sij Amplitude of the physics signal of PMT j in sample i.
ai and bi Optimal filter coefficients.
A value of τ j < 0 (τ j > 0) indicates that the signal is early (late) or the trigger accept signal is
late (early). The OF weights, also called OF coefficients, depend on the phase τ j of a channel
and are calculated to reconstruct the digitized pulse while minimizing the impact of noise.
It has been verified that in order to achieve ameasurement of the energy with a precision
better than 2% the accuracy of the channel time must be better than 5 ns [17]. It is possible
to correct time offsets of a PMT signal and respectively improve the amplitude reconstruction
applying an iterative procedure. However during the LHC operation the time available for
the reconstruction of an event is limited. The number of iterations for online processing are
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set to only one and a prior knowledge of the phase τ j of a PMT channel is required. This
operational constraint implies that time calibration is mandatory in order to achieve the best
performance of the L2 trigger. Oﬄine corrections to the online reconstructed energy, resulting
from mis-calibrations in time, are possible for channels in which |τ j| < 10 ns with a minimal
< 1% degradation of the energy measurement precision.
2.1.5 Fit method
The signal reconstructionmethodbrieflydescribed in theprevious section is the currently used
for the LHC operation. Until the installation of the RODs the signal was reconstructed using
an alternative algorithm designated as the Fit Method. It was developed during the testbeam
and used until the installation of the RODs in the reconstruction of the Tile Calorimeter signal
in the ATLAS experimental cavern. Presently, it is used for the reconstruction of the signal
from the charge injection calibration system.
The FitMethoduses the knowledge of thepulse shape toprovide an energymeasurement
and obtain a measurement of the time of the energy deposition. For each channel, given a
normalized pulse shape g(t), a fit is performed to the function
f (t) = Ag( t − τ ) + c
to three parameters: amplitude A, phase τ and pedestal. A comparison with testbeam data
of the Optimal Filter and Fit method has shown that they are equivalent. However, the Fit
Method is not suited for fast online processing.
2.1.6 Noise description
It was observed that the calorimeter cell clustering algorithms were measuring an excessive
number of clusters per event in the Tile Calorimeter. After a dedicated investigation it was
found that a wrong pedestal description was being applied. In Figure 2.4 the significance
(E/σ) for random triggers is compared for a single gaussian description and a double gaussian
description. In black is shown the ideal model for a gaussian noise like response. It is seen
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Figure 2.4: Significance of random triggered events in the tile calorimeter cells. A
single gaussian description of noise ¤ is compared with a double gaussian
description △ [18].
that the single gaussian response fails on the agreement with the model in particular in the
tails. Considering now the noise description as defined by an effective sigma that combines
the information of the two convoluted gaussian it is seen that the results fit well the expected
modeled response. Concluding, the tile calorimeter pedestal is described using a double
gaussian distribution [18].
In Figure 2.5 [19] the noise measured during a physics run but using a dedicated stream
designated RNDM (data from a random trigger). The RMS for each Tile Calorimeter module
(a slice in φ) shows that the electronic noise is below 50 MeV for all partitions. Each entry for
each one of the four plots, corresponds to the average response over all the operating channels
of a module.
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Figure 2.5: The electronic noise in Tile Calorimeter modules measured using the
RNDM stream during a cosmic ray muon on September 2008 [19].
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Figure 2.6: The calibration systems of the tile calorimeter and their interface to the
readout system from scintillating tiles to front-end electronics.
2.2 Calibration and monitoring systems
The Tile Calorimeter calibration and monitoring is achieved using four dedicated systems:
the Charge Injection System (CIS), the Integrator, the Laser System and the Cesium System.
During its operation the detector modules aremonitored to learn about its status and evaluate
if it is necessary any update on the calibration constants on the database or if any channel
is not working properly in which case it can be masked. In Figure 2.6 the four systems are
depicted as a part of the read-out scheme of the Tile Calorimeter.
The calibration systems are used to provide the different terms on the following equation:
Echannel = A ·CADC→pC ·CpC→GeV ·CCs ·Claser
where
Echannel The energy in GeV.
A signal amplitude in ADC counts.
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CADC→pC conversion factor of ADC channel to charge in pC (measured by the CIS).
CpC→GeV conversion factor from charge (pC) to energy (GeV) thatwas established in testbeam
for 12% of modules using beams of high energy electrons (more details given ahead).
CCs is a factor that corrects for residual non-uniformities after the gain equalization (measured
with the Cesium system).
Claser is a factor used to correct non-linearities of the PMT response (measured with the laser
system).
Figure 2.6 also shows, on the center left, the Detector Control System (DCS) [20]. This
is the slow control tool of ATLAS that has a branch fully dedicated to the Tile Calorimeter
monitoring of the front end electronics (FEE) low voltage, the photomultipliers (PMT) high
voltage and the temperature in several points along the Tile Calorimeter FEE.
2.2.1 Charge Injection System
A known charge signal with a systematic uncertainty of ± 0.7 % is injected in each digital
channel of the FEE. The injected signal reproduces approximately the photomultiplier output
signal and is used to calibrate and monitor the digital outputs, Low Gain (LG) and High Gain
(HG), ADC counts to pC conversion factors and measure their linearity. The CIS system is
planned to operate from a daily to a weekly basis during the LHC operation.
In Figure 2.7 shows the measurements of the ADC counts/pC response for the two
outputs prior to any correction. Both LG and HG show already a resolution σ/mean of 1.5%.
The stability in time of these two outputs wasmonitored and in Figure 2.8measurements
between August 2008 and October 2009 are presented. In each time trend can be depicted
the results for a single channel and for the mean over the 19 595 ADC channels. A stability
for the individual channel of 0.07% is measured for HG and of 0.05% for LG. The mean ADC
channels stability is of the order of 0.03% for HG and 0.04% for LG.
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Figure 2.7: Channel-to-channel variation of the high gain (a) and low gain (b) readout
calibration constants CADC→pC prior to any correction [18].
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 0.7% channel systematic uncertainty–
(b) low gain
Figure 2.8: Time stability of the average high gain (top) and lowgain (bottom) readout
calibration constants from August 2008 to October 2009, for 19,595 ADC
channels [18].
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2.2.2 Laser System
The principle of operation of the laser system is to inject a common light signal to all PMTs
that will produce a response similar to the one produced by the ionizing particles in the
scintillating tiles. Since the accuracy of the injected pulse is better than 1% the results from
monitoring the reconstructed signal, during a period of time and for different intensities, are
a measurement of the photomultipliers stability and linearity with a very good precision.
The main role of the laser system is to measure the stability and linearity of the PMTs and
associated electronics [21].
In Figure 2.9, the relative gain variation evaluated for a period of 50 days is presented
for both output gains. Using a relative quantity allows to cancel out the systematic errors
associated with the measurement (stability of light intensity), and obtain an exact evaluation
of the gain fluctuations. For the low gain output 14 channels are out of the 1% target range,
which corresponds to 0.14%of the total number of PMTs. The high gain output has 57 channels
in these conditions corresponding this to 0.58% of the total number of PMTs. The σ is from
a gaussian fit applied to the distributions and is in agreement with the intrinsic resolution of
the laser system.
Another application of the laser system is to monitor the time response of the Tile
Calorimeter channels andproduce calibration constants in order to have all channels equalized
in time. This procedure requires the usage of a high amplitudepulse in order to take advantage
of the higher time resolution but at the same time the amplitude should avoid saturation that
tends to distort the signal shape and deteriorate the time response [29].
2.2.3 Cesium System
TheCesiumsystemconsist of amovable radiactive source that travels across all the calorimeter
cells (Figure 2.10). The response to this source is sensitive to the Tile Calorimeter structure and
wasusedprevious to the commissioning to test the optical instrumentationof themodules [25].
The integrated signal over a cell is used to set and monitor the electromagnetic energy scale
(EM scale) for all cells. The EM scale was established in testbeam using high energy electrons
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(a) low gain
(b) high gain
Figure 2.9: Relative gain variation (to a referencemeasurement) for the tile calorimeter
photomultipliers during a period of 50 days. Each entry in the histogram
is a photomultiplier. Shaded areas correspond to relative gains above 1%
[18].
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Figure 2.10: Cesium system working principle.
impiging in the calorimeter at 20◦ where cell equalization of modules was done using the
cesium system and later confirmed using high energy muons [26].
The signal measured by the Tile Calorimeter channels of the cesium radioactive source
should fall according to its life-time. The expectedperformance is represented in Figure 2.11(a)
by three solid lines that represent the three radioactive cesium sources used for the three Tile
Calorimeter cylinders. The points are data average and RMS per partition, normalized to the
activity of the cesium source in barrel cylinder in July 2008. The RMS was measured to be
better than 0.3%.
From the cesium results it is observed that:
• The Tile Calorimeter response depends on the magnetic field status. If it is ON an
increase is observed. In the figure these data points have a MF sign attached.
• The data points are not following the expected decay rate of the cesium sources. There
are two points which are set exactly on the cesium expected performance line. These
resulted from equalizations at the beginning of these series ofmonitoringmeasurements
and also after the maintenance period.
In Figure 2.11(b) the deviation of the measured values from the expected values are
plotted against time. It can be seen that the effect of the magnetic field is stronger in the barrel
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Evolution of Cesium integrals with time
(a) Time evolution of EM scale
















































Cesium calibration constants stability
(b) Absolute updrift on the EM scale from the Cs system
Figure 2.11: Cesium system measurements in the ATLAS experimental cavern. (a)
The solid lines are the expected decay curves for the cesium sources (one
for each cylinder). The experimental points are from Cesium data taken
with the magnetic field off and on (with MF close to data points). (b)
Normalized response where the up-drift of the Tile Calorimeter absolute
value is measured [18].
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partitions. An updrift of the order of 1% for the EM scale is measured between July 2009 and
December 2009.
The effect of themagnetic fieldon the response of the calorimeter is detailed inFigure 2.12.
It is observed that the effect is much larger in the LB region |η| < 1 where an increse of the
order if 0.6-0.7% is measured for the distribution in η (Figure 2.12(a)). For the response in φ
(Figure 2.12(b)) the results are uniform and an increase of the order 0.6-0.7% is seen for all φ
slices.
2.2.4 Integrator
The integrator is a component of the FEE of the Tile Calorimeter and it is used by the Cesium
calibration for the integration of the light signal produced in the scintillating tiles. During the
LHC collisions and data taking its usage is planned to monitor the calorimeter channels over
several bunch crossings.
The calibration of the integrator is done also by injecting a known charge pulse using
the CIS system. Figure 2.13(a) shows the distribution of the integrator gains of all the Tile
Calorimeter channels. The results refer to the gain used by the cesium system. A mean value
of 28.81 MΩwith a RMS of about 1% is measured. The left tail of the distribution results from
a 2% lower response in 16% of the Tile Calorimeter integrator ADC cards. From Figure 2.13(b)
the relative variation of the integrator gain measured during 2 years of measurements shows
a stability of 0.01%. The error bars represent the stability of individual channels that is better
than 0.01%. In Figure 2.13(c) is presented the measurement of integrator noise. An average
of 1 ADC count is measured, and for 99% of the Tile Calorimeter channels the noise level is
below 2 ADC counts. Typically the cesium system signal is about 2000 ADC counts which
represents a very good separation between signal and noise.
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(a) IM/I0 vs η
(b) IM/I0 vs φ
Figure 2.12: The Tile Calorimeter up-drift due to the presence of the ATLAS magnetic
field. The ratio between the integrated signal with magnetic field IM and
integrated signal without magnetic field I0 in η and φ [18].
43
2 The ATLAS hadronic Tile Calorimeter
)WIntegrator gain used by Cs (M
















Entries      9852
Mean        28.81













































































Integrator Electronic Noise (ADC counts)














Entries       9847
Mean          0.93
RMS           0.27
Underflow        0


















(c) Electronic noise of the integrator
Figure 2.13: Integrator response: (a) Gain stability (b) Stability in time during
approximately 2 years of monitoring relative to January 2008 (c)
Electronic noise. The measurements used 95.3% of the Tile Calorimeter
channels [18].
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Figure 2.14: The Tile Calorimeter setup during the 2000 to 2003 standalone testbeam.
2.3 Tile calorimeter performance from testbeam
2.3.1 Experimental setup
The standalone testbeam dedicated to the calibration of production modules was done
between the year 2000 up to the year 2003. In these setup four modules were put to test
for each run period. The reference module named Module 0 (a long barrel module), a long
barrel module and two extended barrel from the production modules. In these tests high
energy particles were used to investigate the performance of the detector using elelctrons,
pions and muons. The particle beams impact the Tile Calorimeter modules with different
incident energies and angles. In Figure 2.14 a photo of the setup is depicted. In the standalone
testbeam about 12% of the whole Tile Calorimeter were calibrated and characterized and the
results between modules have shown agreements of the order of 1%. In the next section a
selection of the main results of these performance studies are summarized.
2.3.2 Performance
electrons
Electrons were the main instrument to set the electromagnetic energy scale (EM scale) of the
Tile Calorimeter cells. This was done using high energy beams of electrons with an incidence
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Figure 2.15: Electromagnetic energy scale of the Tile Calorimeter for electrons
measured during testbeam. The cell response of electrons entering the
calorimeter modules exposed to the beam at incidence angle of 20◦,
normalized to beam energy, with one entry for each A-cell measured. The
plot contains data at various energies ranging from 20 to 180 GeV [26].
angle of 20◦ and the beam energy ranging from 20 GeV to 180 GeV. The energy response for
electrons is summarized in Figure 2.15. The entries on the plot correspond to measurements
done in cells of the first radial layer (A-Cells). The mean value 1.050±0.003 pC/GeV defines
the Tile Calorimeter EM scale factor. The RMS spread of 2.4±0.1% is due to local variations in
individual tile and tile/fiber responses which was confirmed by dedicated MC studies.
In order to transport the EMscale to the other cells in amodule, muon beams and electron
beams using different incindence angles were used. These measurements are combined with
the cesium systems measurements in order to equalize the cells in a module, and also as a
preparation for the global equaliazation of the whole Tile Calorimeter in the experimental
cavern.
muons
Muons were used to measure the light yield of the Tile Calorimeter cells [23]. The results
have shown that the light yild within layers was uniform. Between radial layers the results
showeddifferences of the order of 20% resulting fromusing in theTileCalorimeter polystyrene
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Figure 2.16: Uniformity in η of 180 GeV muons in MeV/cm. The experimental data
are the filled circles • and Monte-Carlo simulation results are the open
squares ¤ [26].
coming from two different producers. These differences have to be compensated by adjusting
the photomultipliers high voltage in order to have an equalized energy scale in the whole
calorimeter. A reference value of Np.e. = 70 GeV
−1 [26] is the reference value used in
simulations and data reconstruction.
Muons were also used to measure the uniformity of the response of the detector cells
to electromagnetic radiation. The muons fit well this purpose since they cross the whole
calorimeter, leaving a signal that in good aproximation is proportional to the crossed path
length. Figure 2.16 shows the uniformity in η of the muon energy divided by the crossed path
lenght for 180 GeV electrons using a 2.5% event truncation on the high energy tail; the muon
singnal is corrected by using the e/µ = 0.91 ratio [26].
In Figure 2.17 an example of the signal and noise separation is presented for a beam
incidence along η = 0.35 in the whole tower and in the D radial layer.
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(a) D cell (b) Tower
Figure 2.17: Separation of signal and electronic noise for 180 GeV muons entering the
calorimeter at η = 0.35 [26].
pions
In the standalone setup pions will set an upper limit to the energy resolution to hadrons and
jets and also measure the linearity of the detector response to hadrons. The Tile Calorimeter
is a non compensated detector, meaning that the response to pions is shifted from the one of
electrons by a factor π/e. This is a ratio that is expected to rise slowly with pion energy.
The results for energy resolution with pion beams are summarized in Figure 2.18. These
are results from pions impinging on the calorimeter at |η| = 0.35 as a function of the beam
energy. Themeasured energy resolution isworse than the one expected anddesigned response
for the full ATLAS detector. It should be added that in the ATLAS configuration the total
calorimeter (Electromagnetic LAr + Tile calorimeter) depth is larger by about 30% and the
contribution of longitudinal leakage to the energy resolution degradation is smaller. The
expected constant term for jet energy resolution in ATLAS is typically 2.6%.
Figure 2.19 presents the linearity for pion beams impinging the detector for |η| = 0.35.
The measurements were taken with many calorimeter modules and the response of each
is normalized to the mean response at the common energy of 180 GeV. Open squares
represent Geant 4.8.3 Monte Carlo simulations, with QGSP and Bertini intranuclear cascade
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Figure 2.18: The Tile Calorimeter standalone energy resolution for pions impinging
on the calorimeter at |η| = 0.35 (7.9λ), as a function of the beam energy.
MC simulation results (Geant 4.8.3 QGSP+Bertini models) shown with
open squares and full circles data [26].
models. The plot on the right shows the experimental data, corrected for longitudinal and
transverse energy leakage, as derived from data taken in the 90◦ configuration and from the
Geant4 MC simulation. The energy dependence is due to calorimeter non-compensation;
the displayed fit uses Groom’s parametrization of the non-EM component of hadronic
showers with Fh = (
Ebeam
E0
)m−1 which represents the non-electromagnetic energy component
of the showers produced by the incident pions; E0 is the energy at which multiple pion
production becomes significant; andm is an empirical parameter dependent of the calorimeter
characteristics. From this analysis measurements of the eh (
e
h = 1.33± 0.06± 0.02) [26] and m
(m = 0.85±±0.03±0.01) [26] factors are obtained.
2.4 Performance of Tile Calorimeter in the 2004 combined
testbeam
After the standalone testbeam period and prior to the installation in the experimental cavern
the combioned performance of the different subsytems of the ATLAS detector was studied in
a combined testbeam. In 2004 a fully instrumented slice of the ATLAS detector (≃ 116 of the
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Figure 2.19: Normalized energy response plotted against the pion energy impinging
the calorimeter for |η| = 0.35. Open squares represent Geant 4.8.3 Monte
Carlo simulations, with QGSP and Bertini intranuclear cascade models
and full circles data. In the figure on the RIGHT corrections for
longitudinal and transverse leakage are introduced [26].
detector) was exposed to particle beams coming from the SPS (Super Proton Synchrotron).
The combined test-beam (CTB) was accomplished in the H8 hall at CERN during several data
taking periods. The sub-detectors configuration and Data Acquisition System were close to
the ATLAS final configuration.
2.4.1 Experimental Setup
Beams of pions, protons and muons were produced with several energies: energies from 1 to
9 GeV called the very low-energy (VLE), and from 10 to 250 GeV, called high-energy (HE). The
combined testbeam setup ((Figure 2.20) consisted on a full barrel slice of the ATLAS detector
with three main systems: the inner detector from which only the TRT was fully operational,
and even so for a small period of time, and the two central calorimeters, the electromagnetic
(LAr) and the hadronic (Tile Calorimeter). The particle beams, after passing through the
detectors that monitor the beam position and identify the particle type, first reach the Pixel
and SCT modules and then continue through the TRT, calorimeters and finally the particles
hit the muon chambers. Also a LVL1 trigger and DAQ system were used. The LAr and Tile
Calorimeter calorimeters were on top of a movable table. This allowed the orientation of the
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Figure 2.20: Lateral view of the sub-detectors used in the 2004 combined testbeam.
modules in a way that beam particles that enter the calorimeters are projective in pseudo-
rapidity, like in the ATLAS experiment. Several components of the muon spectrometer were
also present. Moredetails of eachdetector can be found in [1]. The electromagnetic calorimeter
was specifically built for the combined testbeam. Onemodule of theLiquidArgonCalorimeter
(LAr) was placed inside an aluminium cryostat (with 0.1 interaction lengths thickness) filled
with Argon gas. The hadronic calorimeter was composed of three production barrel modules,
positioned 30 cm behind the LAr calorimeter (in the ATLAS final setup this distance is of
25 cm).
2.4.2 Performance of the combined calorimeters
From the hadronic point of view, the most important results achieved from the CTB are
the pion energy performance results and their comparison with the MC simulations. The
following results refer to a single data taking period when all sub-detectors were operational.
These results include data from pions with energies between 2 and 180 GeV. The measured
mean energy and resolution for data and Monte-Carlo are shown in Figure 2.21 for η = 0.45.
From these results it is seen that data is described by the Monte-Carlo within 5% in the VLE
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Figure 2.21: Mean energy (a) and resolution (b) for pions at beam momenta from 2
to 180 GeV are shown. Data is represented as closed points and Monte
Carlo simulations as lines. Only statistical uncertainties are shown. The
light band represents the uncertainty due to the cut to remove muons
from pion decays.
range and within 1% for higher energies. However, the uncertainty for 2 GeV and 3 GeV due
to muon contamination in the beam is large. As for the resolution it presents values from 60%
at 2 GeV and about 10% at 180 GeV which are in accordance with the previous results present
for the stand alone tests [27].
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The work described in this thesis is centered on the performance of the Tile Calorimeter with
cosmic ray muons. These were the only high energy particle available for a long period of
time before the LHC start-up. With the start of the LHC collisions era on November 2009, it is
now time for the Tile Calorimeter to face new challenges. In this chapter is presented a short
overview on some channels and physical quantities of the ATLAS/LHC physics program on
which the Tile Calorimeter performance plays a relevant role.
3.1 Main requirements of the Tile Calorimeter
The main functions of the Tile Calorimeter are to contribute to the energy reconstruction of
jets and to provide a good measurement of the missing transverse energy. These are physical
quantities that are necessary for the achievement of themain LHCphysics goals. Both of them
contribute to measurements in fundamental physics channels, such as the leptonic decays of
theW boson where the neutrino reconstruction needs a good understanding and precision on
themissing transverse energy inATLAS or for the topmassmeasurementwhere the jet energy
scale is required to be known at 1% level [10]. These quantities are also of striking importance
for the discovery of new physics and in particular for the searches towards Super-Symmetric
(SUSY) models where jets and the missing transverse energy are considered to be the most
sensitive physical quantities.
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Geometry and radiation hardness In order to resolve thephysics events over abackground
due to pile-up and underlying event of ∼21 minimum bias events per bunch crossing at
nominal luminosity a fast detector with a fine granularity is required. A good hermeticity is
crucial for a good performance however from construction it is known that there are:
- Cracks in the detector: there are two gaps of approximately 1 meter necessary for the
passage of services for the innermost detectors i.e. the Liquid Argon calorimeter and
the Inner Detector.
- Dead material: the services, the cryostat and other structural parts will compromise the
uniformity of the detector.
that must be compensated. First these effects are partially compensated by the inclusion
of scintillators to sample the hadronic jets (crack scintillators) and electromagnetic jets (gap
scintillators).
Due to the high luminosity the detector should also have a high radiation resistance to
go through, in order to tolerate a dose of XXX during the expected 10 years of operation.
Resolution and linearity The Tile Calorimeter must have a good performance in a very
wide dynamic range from a fewGeV, like the typical signal deposited bymuons, up to several
TeV from the most energetic hadronic jets. The ATLAS/LHC overall physics performance,






⊕ 3% for |η| < 3
with a segmentation of ∆η×∆φ = 0.1×0.1. Testbeam measurements with high energy pions
have shown very promising results for the Tile Calorimeter. The measured energy resolution







but it shouldbe taken in consideration that this is theTileCalorimeter standaloneperformance.
When combining the Tile Calorimeterwith the LAr calorimeter the performance is expected to
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be better. It is also fundamental a linearity better that 1% in the range of energies of operation.
More details are presented later in the Section 2.3 dedicated to testbeam results. For both of
these two quantities it is crucial to set the detector to the correct energy scale and guarantee
its uniformity.
Timing The timing of the detector is crucial for its operation, to achieve the main goals
in Standard Model precision measurements and discoveries, for the search of new physics
and on the trigger performance. In order to obtain the best precision on the energy and
momentum reconstruction and to be efficiently used within the ATLAS trigger all detectors
must be internally synchronized and also externally synchronized to the LHC clock. From
the point of view of the Tile Calorimeter this means that almost 10000 channels must be
synchronized to achieve the required performance.
In this thesis the Tile Calorimeter energy scale and synchronization are addressed in
detail.
3.1.1 Energy scale
The energy scale of the Tile Calorimeter is primarily adjusted to reach the electromagnetic
energy scale (EM scale) set at testbeam and equalized across all channels using the cesium
system (vd. Section 2.2.3) to adjust the photomultipliers high voltage. This has been cross-
checked using cosmic ray muons and results are presented in Section 5.7.
Non-uniformities in the electromagnetic energy scale of the calorimeter are also reflected
in the jet energy scale. During the LHC operation the EM scale must be monitored using the
Cesium system (Cf. Section 2.2.3) but this could also be done either using particles coming
from the interaction point or cosmic ray muons. The work and analysis done to monitor the
energy scale with cosmic ray muons can be extended to the isolated muons produced in the
proton collisions.
Another aspect of the energy scale is that the main objects measured in a calorimeter are
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jets andan energy scale for jetsmust be established. TheTileCalorimeter is a non-compensated




i.e. the response to hadrons is smaller than the response to electrons. The energy scale for
jets must include correction due to the non-compensation besides the corrections for dead
material, cracks, differences in energy loss of particles. This is done using a set of calibration
weights that can be calculated using two methodologies: the Local Energy Calibration [28] or
the Global Energy Calibration [10].
3.1.2 Tile Calorimeter Synchronization
The Tile Calorimeter channels synchronization was achieved using the laser system [29],
cosmic ray muons (work reported in Chapter 6) and muons from single beam data [30] and
follows three stages: intra-module, inter-module and inter-partition synchronization. For
the synchronization with LHC it is still necessary to correct for the different distances of the
calorimeter cells to the interaction point (IP). This is done prior to the data taking by setting all
channels to 0 ns for particles travellingwith the speed of light and coming from the interaction
point. For example muons with an energy of 300 MeV is already 0.9× c.
Time has a direct effect on the energy reconstruction of the physics signal that is done in
the Tile Calorimeter. Due to the operation requirements the optimal filter algorithm, is only
able to make one iteration for the energy reconstruction of the calorimeter signal. In addition,
the optimal filter needs a set of coefficients that depend on the time offsets of each channel
relatively to the reference value. So these time offsets must be known in order to have the
best precision in the energy measurement, to achieve the required precision in the jet energy
scale, and a synchronization is important for the trigger operation but also for the detection
of particles for which the most evident signal is a delayed response like the stable massive
particles which are the subject of Section 3.2.4.
In Figure 3.1(a) the online precision of the optimal filter
Eonline−Eo f f line
Eo f f line
is plotted against the
channel time using data from collisions with
√
s = 900 GeV. In the plotted data are shown
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(a) Online energy reconstruction versus channel time (b) Online reconstruction precision at the DSPs:
Eo f f line−Eonline/Eo f f line
Figure 3.1: Precision of the online reconstructionwith the optimal filter algorithm [18].
the online reconstruction with the optimal filter, the filled triangle (N), and for the online
reconstruction including a phase correction, the filled circle (•). It is seen that the OF precision
is degraded as the time offset increases, however up to an offset of 10 ns a precision of 1%
can still be obtained. The online measurement also has a limited numerical precision. This
is shown in Figure 3.1(b) where the energy calculated online and oﬄine without iterations
are compared for a charge injection run. This quantity increases considerably as the energy
decreases but the maximum shift it is of the order of 0.6 %. The online reconstruction done at
the DSP on the RODs has already a very good precision.
3.2 Contribution to Physics studies
3.2.1 Rejection of non-collision backgrounds and jet selection
Event selection in the LHC means to make sure that the data that are analysed come from a
proton-proton inelastic collision. The main backgrounds are the collisions of protons with the
residual beam gas, muons and pions travelling in the beam halo as well as cosmic ray muons.
One of the used quantities during 2010 to discriminate between collisions and other type of
events is the agreement in time of the MBTS (read out in FEE of the Tile Calorimeter) and LAr
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calorimeter. As already detailed in the ATLAS detector description in Chapter 1.2 the MBTS
are two sets of scintillators symmetrically assembled relatively to the interaction point (IP).
Particles from the IP should be within some coincidence window contrary to other particles
for which a large time difference is expected. For the LAr calorimeter an average over the
time of all cells is considered. In studies performed in 2010, for cleaning missing transverse
energy and jets events [10], time requirements for the difference in time between the A side
and the C side, |∆tLArEC| < 5 ns and |∆tMBTS| < 10 ns are used to reject the background. This
time selection is applied in addition to the identification of a primary vertex. All combined, a
level of less 0.01% of beam background is found in the data samples.
For the jet selection a loose jet time cut is applied. Jets are required to have an energy-
square-weighted cell time to be within two beam bunch crossings i.e.









| > 50 ns
However the |t jet| cut is only applied after the rejection of fake jets produced by noise bursts
in the LAr calorimeter. The result after this quality cuts is in Figure 3.2, with the jet time
measured for all the jet candidates. Only one event appears out of the timewindow presented
above being most part of the events within one bunch crossing (25 ns).
3.2.2 Fake missing ET
In the LHC the p-p collisions are now working with a center of mass energy of 7 TeV. Since
protons are not elementary particles, the interactions will occur between its constituents or
partons: gluons and quarks. The effective center of mass energy is distributed among the
different partons. The resulting events are produced with an wide array of energies and
momentum. Since the protons, and so the quarks and gluons, do not have a transverse
component the conservation of momentum in the transverse plane for the inelastic collisions
is used. The conservation of the momentum in the transverse plane means that all the
produced particles are collected, with their energy and/or momentum measured including
the necessary corrections due to deadmaterial, cracks and still muons that escape the detector
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Figure 3.2: Jet time after rejection of fake jets due to noise burst in LAr calorimeter.




There are many events for which particles that do not interact with any of the detecting
systems are produced. This is the case of the decays of the charged electroweak bosonsW± in
their leptonic channel decay to a lepton and a neutrino. In this case there will be a Emiss
x(y)
, 0.
Themissing transverse energymust bemeasuredwith a good precision to achieve theMonte-
Carlo simulations predictions for these kind of channels. There are other channels for which
the missing energy is of the most importance such as any channel in Super-Symmetric models
that are expected to have a large missing energy.
















to the cryostat and E
miss,µ
x(y)
the contribution from the muons flying out to the muon chambers.
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and its application depends if the muon is isolated or not. The main objective is to avoid
a double account of the muon contribution. For an isolated muon when calculating the
calorimeter Emiss,calo
T
the cell crossed by themuon is not included and only the combinedmuon
is included. The combinedmuon combines the signal from the muons spectrometer, the inner
detector and the calorimeters for energy loss corrections. If the muon is not isolated then the
combined measurement minus the parametrized energy loss is



































where wcryo is a calibration factor, EEM3 and EHAD1 are the energies in jets deposited on the
third layer of the electromagnetic calorimeter and in the first layer of the hadronic calorimeter.
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(a) Di-jets MC (b) Cosmics MC
(c) Cosmics Data
Figure 3.3: Difference between the cell time of modules on the top (y> 0) andmodules
on the bottom (y < 0) for (a) di-jets MC (b) cosmics MC and (c) cosmics
data [31].
Within an event a large quantity of effects can damage an energy measurement and so
the missing energy calculation: dead channels, noisy channels, energy deposits from particles
not originating in the interaction point.
The last one could result for example from cosmic ray muons, halo muons, cavern
backgrounds etc. Measurements not coming from the interaction point will have a time
pattern within the detector different from the ones coming from the interaction point. For this
reason the time associated with this measurement can be rejected using the time variable.
Cosmic muons were used for a long period in the commissioning of the ATLAS detector.
The cosmic ray muons reaching the ATLAS detector are characterized by a trajectory with a
well defined direction. The muonwill enter the top of the detector and having enough energy
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will come out at its bottom. The time in the ATLAS detector is synchronized for particles
coming from the ATLAS interaction point which means that the time difference between
the particles is close to zero such as for the di-jets of Figure 3.3(a). Cosmic ray muons will
however have a time difference not equal to zero but related to the time of flight between the
hits in the different parts of the detector. In Figure 3.3(b) and Figure 3.3(c) are presented the
results for the time difference in cosmic ray muons Monte-Carlo and data measured in the
Tile Calorimeter. An averaged difference of 20 ns is measured that corresponds to the time
of flight of the relativistic muons crossing the calorimeter. This characteristic can be used to
reject this event.
3.2.3 Lepton isolation in H→ ZZ(∗) → 4l
The Higgs boson discovery and the measurement of its properties is the main goal of the LHC
experiments. The Higgs boson decay to four leptons (electrons and muons) H→ ZZ(∗) → 4l is
the cleanest signature for the discovery of the Higgs boson. The most relevant backgrounds
are the irreducible ZZ→ 4l, the Zbb→ 4l and the tt→ 4l. Their importance depend on the
Higgs mass. The limits to the Higgs boson mass (MH) comes from:
• Direct searches:
- In the e+e− collider LEP a lower bound ofMH > 114.4 GeV[9] is set.
- In pp collider TEVATRON a produced an exclusion for masses in the range
163 GeV <MH < 166 GeV with a 95% confidence level, but new results from this
year already exclude a wider mass region from 158 GeV to 175 GeV. [8].
• Indirect searches at LEP [4]
- Using high precision electroweak data, sensitive to loop corrections, constrain the
Higgs mass toMH < 157GeV with a 95% confidence level limit.
For Higgs boson masses between 120-150 GeV one of the Z bosons is produced off-shell
resulting in leptons with low transverse momentum. In this region the backgrounds from
the heavy quarks (t,b) decays to leptons will be dominant. The hadronic channels have huge
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cross sections (Table 3.3), more than 10 times the value for Higgs boson channel (Table 3.2). It
is expected that the leptons in Z bosons decays are more isolated than the leptons produced
in the heavy quarks decays 1, and for this reason lepton isolation with the calorimeter is
important to discriminate between the events.
Expected performance of ATLAS with H→ ZZ→ 4l
In this section a brief look of the expected performance of the ATLAS detector for the Higgs
boson decay to four leptons channel is presented. The focus is on the isolation of muons in the
calorimeter, however results for electrons as well as for tracking are presented for comparison
and completeness. These results refer to p-p collision at
√
s = 14 TeV [10].
For the muon isolation both calorimeter and track criteria are defined. The calorimeter
isolation is defined as the sum of the transverse energy deposited inside a cone with a radius
∆R =
√
∆η2+∆φ2 around the muon and subtracting the muon energy loss from a cone with
∆R = 0.05 (isolation cone). The isolation cone energy of the least isolated muons is used as












An electron is isolated in the calorimeter if contained in a cone of ∆R = 0.2. Electron
track isolation is the same used for muons requiring still one hit in the b-layer to reject the
electrons resulting from conversion of bremsstrahlung photons. Electrons must satisfy the





1Besides the leptons from b and c quarks come from secondary vertexes and not the interaction point
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Event Preselection
Four leptons (Loose Electrons or muons)
with pT > 7 GeV and |η| < 2.5 and at least two with pT > 20 GeV
Event Selection
Kinematic Cuts
– Lepton quality: 2 pairs of same lepton flavour
with opposite charges.
– Electrons must be Medium Electrons satisfying
the CaloIso criterion.
– For H masses of 200 GeV and higher, four
Loose Electrons are required instead.
– Z, Z∗ and Higgs boson reconstruction require
a single quadruplet with:
|mll1−mZ| < ∆m12GeV
mll2 >m34.
– Muon Calorimeter isolation:∑
ET/ET < 0.23.




Vertexing cuts – Cut on maximum lepton impact parameter:
d0/σd0 < 3.5 for muons
d0/σd0 < 6.0 for electrons.
Table 3.1: Selection cuts for the Higgs boson decay to four leptons. The m12 defines a
mass window for the first pair of leptons match with the Z boson nominal
mass. The m34 is the minimum mass required for the second Z boson for
Higgs boson masses up to 200 GeV. For higher Higgs boson masses an
equivalent mass window for the second lepton pair is applied [10].
The lepton selection works in three stages. In the first stage all leptons within |η| < 2.5
and ET > 5 GeV for electrons and pT > 5 GeV for muons are selected. Then the second stage is
the preselection described in Table 3.1. The third stage is the event selection which is divided
in Kinematic and Isolation and Vertexing cuts. So isolation only is applied in a very late stage
of the event selection.
In Table 3.4 is presented the fraction of events from the signal that pass each selection
Process σLO ·BR σNLO ·BR
[fb] [fb]
H[120]→ 4l 1.68 2.81
H[130]→ 4l 3.76 6.25
H[140]→ 4l 5.81 9.72
H[150]→ 4l 6.37 10.56
Table 3.2: Higgs boson to four leptons decay leading order and next to leading order
cross sections for different Higgs boson masses (l = e,µ) [10].
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Process σ ·BR Corrections
[fb] [fb]
qq→ ZZ→ 4l 158.8 +47.64
gg→ Zbb→ 2lbb 52030 +8640 (qq→ Zbb)
gg→ Zbb→ 2lbb 52030 +8640 (qq→ Zbb)
gg,qq→ tt 833000 —
qq→WZ 26500 —
qq→ Zinclusive 1.5×106 —
Table 3.3: Backgrounds to the Higgs to four leptons decay cross sections. Corrections
are introduced as a compensation for diagrams not included in used
generators [10].
Selection cut Selection step
Higgs
4e 4µ 2e2µ
Trigger selection 1 94.7 95.3 95.7
Lepton preselection 2 57.0 73.8 66.8
Lepton quality and pT 3 24.7 60.5 39.7
Z’s mass cuts 4 17.1 42.9 27.6
Calo Isolation 5 17.1 39.5 25.4
Tracker Isolation 6 16.5 38.1 24.7
IP cut 7 15.1 36.5 23.2
H Mass cut 8 12.5±0.3 31.4±0.5 19.2±0.4
Table 3.4: Fraction of signal events (%) for each selection cut and for a Higgs mass of
130 GeV [10].
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Selection ZZ
step 4e 4µ 2e2µ
1 96.6 96.6 96.6
2 13.8 17.6 31.4
3 7.3 16.0 21.9
4 6.9 14.8 20.2
5 6.9 13.9 19.5
6 6.8 13.6 19.2
7 6.2 13.0 17.8





1.1 ·10−1 2.1 1.7
4.7 ·10−2 1.1 8.4 ·10−1
4.7 ·10−2 8.5 ·10−2 1.2 ·10−1
1.3 ·10−2 3.3 ·10−2 4.4 ·10−2
5.6 ·10−3 1.1 ·10−2 1.8 ·10−2
5.2 ·10−2 11.3 ·10−2 12.0 ·10−2
Selection tt
step 4e 4µ 2e2µ
1 75.1 75.1 75.1
2 1.0 4.7 10.1
3 6.8 ·10−3 7.3 ·10−1 5.8 ·10−1
4 1.6 ·10−3 2.0 ·10−1 1.0 ·10−1
5 1.6 ·10−3 1.6 ·10−3 5.4 ·10−3
6 2.6 ·10−4 2.5 ·10−4 1.0 ·10−3
7 2.6 ·10−4 < 6 ·10−4 2.6 ·10−4
8 < 6 ·10−4 < 6 ·10−4 < 6 ·10−4
Table 3.5: Fraction of events (%) for backgrounds processes for each selection cuts and
for a Higgs mass of 130 GeV [10].
cut for a Higgs boson mass of 130 GeV. The most promising channels for a measurement are
the ones in which muons participate, which have overall higher efficiencies, of about 30% for
the 4µ channel and 20% for the 2e2µ channel. However these are also the ones where the
calorimeter isolation contributes to decrease the efficiency of the measurement in about 3%.
For the 4e channel the calorimeter isolation has no effect.
Table 3.5 presents the efficiency for the rejection of the three main backgrounds refered
in the beginning of this section. As before the calorimeter isolation does not play a role in the
decays to electrons. However for muons the effect can be considerably large and of about 2
orders of magnitude. The rejection efficiency is larger if the 4 leptons are muons.
3.2.4 Stable massive particles
TheLHC is producing collisionswith a center ofmass energy higher than any other accelerator
and expectations are on the new physics that can appear from this scenario. There are several
physics models that go beyond the standard model and are very well motivated giving
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response to some of the open questions appearing within the Standard Model. Some of these
questions are:
• What is(are) the source(s) of dark matter ? In here the R-parity conservation is the main
requirement. In SuSy models are permited couplings where there is no conservation of
the leptonic or baryonic numbers and for that reason a quantity defined as
R = −12 j+3B+l
with j the spin, B the baryonic number abd l the leptonic number. R is -1 for SuSy
decays, but 1 for Standard Model decays. So imposing R-parity conservation implies
that the least super symmetric particlewill not decay or interactwith the standardmodel
particles and for that reason can be a candidate for dark matter.
• Why does the electroweak scale ( 100GeV) is so below the unification scale (∼ 1018 GeV)
where all forces should be unified - Hierarchy problem ? The question is not only the
gap in energy scales it is also a problem with the calculations of high order terms e.g.
the Higgs boson mass, where the unification scale enters and can extreemly shift the
theorethical predictions.
• Are there only three generations of elementary particles ? Or other way to write the
same question is: Why three? The LEP results have showed that at the EW scale there
are only three leptonic families. The LHC is going to look at very high energies where
other particles, and resonances can appear. Wether the leptonic and quark families will
also be enlarged with this increase in energy is something that cannot be predicted.
One of the implications of these models is the appearance of several new particles and in
particular stable massive particles [33] (SMPs) that can be directly detected within the LHC
experiments. A much broader definition is used to describe these particles saying that they
are very heavy particles (hundreds of GeV) that will not decay during their trajectory within
the detector volume and will be detected by their strong and electromagnetic interactions
with matter. Taking in account their large mass Having a very large mass of the order of
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Figure 3.4: Velocities (β) for different predicted SMPs in Super-Symmetric models.
hundreds of GeV and the production spectra of momenta, these particles can be identified by
their main characteristic that is having a speed below the speed of light. For this the timing
of the detector is crucial. This is also a very important aspect that turns the search of stable
massive particles to be model independent. In Figure 3.4 the expected velocities for particles
in SuSy models are presented. Many of these particles are also characterized by producing in
the detector a signal similar to the one observed for high energy muons and here the response
tomuons and energy scale are the important terms. Summarizing a clear understanding of the
detectors response with muons as well as of the detector timing characteristics are important
for the detection of these particles.
Detection of stable massive particles
The expected SMPs are of three general types:
Type I : Charged particles that can leave signals in the inner trackers, calorimeters and outer
trackers;
Type II : Neutral particles that are converted to charged particles when interacting in the
calorimeters and still be seen by the muon spectrometer;
Type III : Neutral particles that would only produce a signal in the calorimeters;
The most striking characteristic of SMPs is that they travel at velocities slower than the
speed of light β = vc < 1. To measure its properties the ATLAS detector must combine the
information of different subsystems. In order to have a mass measurement the velocity and
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Figure 3.5: Timing resolution from testbeam data for cell A-6.
momentum of the particle must be obtained. The velocity measurement relies in a time delay
measurement. Themomentummeasurement relies in having a charged particle that produces
a signal in the tracking systems. So for a particle of Type III the measurement of mass is not
possible and only a lower bound can be established.
The efficiency to detect this kind of particles will depend on their velocity β and on the
η region. For the same velocity the equivalent time of flight increases with the value of η and
consequently the easier will be to distinguish a SMP from events with particles with β ≃ 1. In
testbeam it was measured that the precision of the time measurement in a channel depends
on the energy deposited. For energies above 1.5 GeV a time resolution better that 1.2 ns is
obtained in a Tile Calorimeter single cell (A-6 that has an η = 0.55) [32] as shown in Figure 3.5.
Measuring the mass of a stable massive particle
The following discussion is perfectly general. However some comments will be set around
the Tile Calorimeter but that could be extended to any other sub-detectors of ATLAS. The
reconstructed time treco, the time measured by the reconstruction algorithm, of a particle
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produced in the interaction point can be represented by the following expression [35]
treco = ttrue− dcell
c
where
c is the speed of light
dcell distance between the center of the cell and the interaction point
ttrue is the time a particle took to travel from the interaction point to a cell
Particles travelling close to the speedof lightwill have an average reconstructed time treco ∼ 0ns
andwith awidth that combines theprecision of the timemeasurement and the cell dimensions.
For example in the Tile Calorimeter the D cells of the long barrel are very large and bigger
errors in the time of an event are expected in comparison to the A cells. For particles travelling
slower than the speed of light will have an average time treco > 0 ns.
Fromthedefinitionof theparticle speedβcell combinedwith theprevious relationbetween






ttrue · c =
dcell
treco · c+dcell
For treco = 0 the value βcell = 1 is obtained as required.
To obtain the particle mass the particle momentum must be measured. From relativistic
kinematics a simple relation is established between the particle massm, the momentum p and
its velocity β:













Table 3.6: Bunch crossing times for some colliders.
The mass results from the combination of the speed and momentum measurement




The energy loss in the calorimeter can be used to isolate these particles and also to contribute to
the momentummeasurement in the muon spectrometer. The uncertanty of the measurement
















noticing also that velocity and time-of-flight uncertanties have the same value since the former






Not considering the momentum contribution, for a typical timing resolution of 1 ns and
considering particles with a velocity range 0.2 < β < 0.8, traveling over a distance of
approximately 3 m the mass uncertainty varies between 2% and 23%.
SMPs at the LHC
The LHC will allow the searches for SMPs to masses up to several TeV which is an increase
of one order of magnitude higher relatively to earlier colliders. In the LHC the time between
collisions is of 25 ns, which poses limitations to the measurement of slow moving particles
within the bunch crossing time. In Table 3.6 a comparison is made between the LHC bunch
crossing and the one from other colliders. The short bunch crossing implies that the SMPs
must be triggered or detected within a 25 ns window. Later arrival would imply triggering
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or detection in the next time window and possibly mixed up with another event. In the LHC
operation between bunches with protons are also planned empty bunches. In these event
sobreposition is not an issue, but event information loss is e.g. the calorimeter and track
measurements stay in the last bunch and the the muon spectrometer measurements triggers
the event in the current bunch.
The muon spectrometer is the natural detector for the triggering and characterization
of the SMPs. They have a good time resolution, measure the momentum and charge of the
SMPs.
In ATLAS the muon spectrometer extends up to 10 m and to reconstruct the track of
SMP within the time window of 25 ns limits the the velocity of the particle to β ≥ 0.5. There
are other factors that can also degrade the signal for a SMP like the sampling time and the
reconstruction software that are tuned for particels traveling at the speed of light.
Calorimeters can still play an important role in their characterization distingushing
betweenhadronic and leptonic SMPs, provide additonal dE/dx information aswell as aditional
time information. Specif triggers based on the visble energy, or jet multiplicities may also be
used to select events. It should also be added that for Type III SMPs the calorimeters might
be the unique detecion device.
There is already within the second level trigger a selection tool [34] to produce a
preliminary selection of heavy long lived particles, using the Resistive Plate Chambers (RPC)
in the barrel of the muon spectrometer. Event filter algorithms the final stage for selection of
events were being developed and are already included in the data taking.
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TheTileCalorimeterwas the first detector to takedata in theATLASpit. Thiswas in 2005when
the first cosmic ray muons were measured by the Tile Calorimeter. Since then and until the
LHC start-up of the p-o collisions in 2009, the Tile Calorimeter was using its calibration tools
and physics data from cosmic muons and single beam (October 2008 and November 2009) to
prepare for collisions. Later, when the other sub-systems started with their installation in the
ATLASpit, dedicated periods, called ’MilestoneWeeks’, worked as integration periods during
standard physics runs, using a common trigger and with the full data acquisition architecture
of the ATLAS detector. These integration weeks were fundamental to have a full working
chain of the detector, DAQ, data processing and analysis and to achieve thewidely announced
results for the 1970’s mesons (πo, ρ, J/ψ, etc.) now measured in a detector of the LHC era.
In this chapter an overview of this period is given, but centered on the Tile Calorimeter, and
in the next two chapters dedicated studies on the energy scale, uniformity (Chapter 5) and
timing (Chapter 6) of the Tile Calorimeter using cosmic ray muons are presented.
4.1 Installation in the pit and detection of first cosmic ray muons
The assembly of the Tile Calorimeter has started long before lowering the first modules
into the ATLAS pit. Two of the three cylinders, the barrel and one extended barrel,
were fully assembled on the surface to prepare for the final assembly in the ATLAS pit.
These preparations consisted in: test and certification of tools and support, deformation
measurements, confirmation of shims 1 dimensions, load tests such as of the LAr
1 Shims are small metallic plates that are positioned between modules and are necessary to obtain the final
cylindrical configuration.
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electromagnetic calorimeter weight. Themilestones of these pre-assembly tests on the surface
are listed on Table 4.1. The pre-assemblywas fundamental to have a fast and smooth assembly
Assembly Disassembling
Start End End
EBC 11 Nov. 2002 14 Apr. 2003 12 Jun. 2003
LB 7 Jul. 2003 30 Oct. 2003 12 Feb. 2004
Table 4.1: Milestones of the Tile Calorimeter pre-assembly tests on the surface.
of the Tile Calorimeter cylinders in the ATLAS pit. Later, after the start of the assembly in the
ATLAS pit of the long barrel, the EBA cylinder was pre-assembled on the surface but only up
to 24 modules which was enough to make a final LAr load test.
On February 4th, 2004 the first fully instrumented modules ( i.e., with optics and all the
certified front-end electronics inserted inside each module) are lowered into the pit. The start
of the central barrel (LBA and LBC) assembly was determined by lowering, over a cradle, 8
pre-assembled modules on March 1st, 2004. Figure 4.1 the first 8 modules over the cradle
already in the pit of ATLAS cavern waiting for the start of the final assembly.
Figure 4.1: The start of the assembly in the ATLAS cavern on March 1st, 2004. The
first 8 modules, pre-assembled on the surface, on a cradle.
The assembly of the three cylinders in the ATLAS pit took place between 2004 and 2006
as summarized in Table 4.2.
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End of assembly
Central Barrel December 2004
Extended Barrel C February 2006
Extended Barrel A May 2006
Table 4.2: Milestones of the Tile Calorimeter assembly in the ATLAS cavern.
During the commissioning, services installation such as the cabling necessary to power
the detectors, transport the signal from detectors to the trigger systems and to the racks where
the read-out-drivers are installed and the online signal reconstruction is done as well as the
installation of the different cooling systems needed for the detectors operation. Different tests
were done to the different installed services such as:
• Measure the conductivity of the HV power supply cabling to guarantee there was no
broken or damaged cables.
• Measure the the light loss in the readout and trigger optical fibers (Section 4.3).
• Flux tests of the cooling systems, leakages detection etc.
In the early stage of the commissioning, during the installation of the sub-systems, the already
functional parts of the detector were on operation, following their necessities and assemblage
progression, mostly in a standalone mode using their specific tools to evaluate the status of
the newly assembled elements. For the Tile Calorimeter the monitoring and calibration tools,
CIS, Laser and Cesium, described in the previous chapter were used for this purpose.
On June 21st, 2005 at 18h30 the first cosmic muon was recorded by the ATLAS barrel
Tile Calorimeter. In Figure 4.2 the event display of this important achievement is presented.
This was the start-up of the commissioning phase with cosmic ray muons. At that time a
standalone trigger had to be developed that used the Tile Calorimeter level 1 trigger towers
to select events. Due to its success, it was used until the end of the commissioning with
cosmic muons. A detailed description of this trigger system is given in Section 4.2. Finally
at the end of 2006 the first run combining sub-systems in the ATLAS cavern took place with
the Tile Calorimeter and the Liquid Argon electromagnetic calorimeter. Following this first
75
4 Commissioning of the Tile Calorimeter
Figure 4.2: Acosmic raymuon recorded by theATLAS barrel Tile Calorimeter at 18:30,
on 21 June 2005 [36].
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Table 4.3: Commissioning integration weeks (“Milestone Weeks”) in ATLAS
achievement several integration periods took place as more and more systems were being
included in the data taking. These were called the “Milestone Weeks”. Having the different
systems combined enabled the collection of cosmic ray muons data using different trigger
sources, getting closer and closer to the ATLAS final trigger configuration, perform timing
and trigger calibrations, train shifters and develop several online monitoring tools. At this
period in time the whole ATLAS was preparing for the beam arrival.
The beam arrived in the LHC on the September 10th, 2008. The LHC machine team
fully commissioned the 7 out of 8 sectors to operate at 5 TeV; the remaining sector was only
commissioned up to 4 TeV. Just after, on September 19th, 2008 the unexpected (the unwanted)
occurred. The last sector started to be commissioned to 5 TeV. Suddenly in this sector a
magnetic field quenching was detected that resulted in a helium leakage into the insulation
vacuum of the cryostat that later was released to the tunnel. The very fast and out of control
pressure increase lead to the damages in several sub-sectors [37].
Before the accident the LHC was still able to provide to the different detectors (ATLAS,
CMS, LHCb, ALICE) data taking periods in an operation mode called single beam (detailed
in Section 4.5). Following the forced stop of the LHC operation, as the accelerator went for
one year of repairs and commissioning, but the activities of the detectors on the pit continued
and the detectors also took the opportunity to advance with repairs postponed due the LHC
start-up. In the fall of 2009 the LHC was again ready for operation and after having a single
beam circulating in both directions and providing again data from single beam to the detectors
the first collisions of two proton bunches took place in November 2009. The first collisions
were at the nominal energy of the beams injected in the LHC 450 GeV i.e. with a center of
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mass collision energy of 900GeV. The collision center of mass energy has been increased until
stabilizing on
√
s = 7 TeV in March 2010.
4.2 A dedicated trigger for cosmic muons
The Tile Calorimeter was the first detector to take data from cosmic ray muons in the ATLAS
pit. In order to properly do it, it was necessary to have a system to trigger the detector at the
passage of muons arriving to the ATLAS cavern. Since both the muon spectrometer and the
level 1 trigger of ATLAS were not ready to take data in the early phase of the commissioning
(2005-2006) a dedicated system was needed. The first cosmic ray muons results mentioned in
the previous section were obtained using this standalone trigger.
The following featuresmade the Tile Calorimeter a good source for the cosmic raymuons
trigger:
• A large coverage in |η| < 1.7 and a full coverage in φ;
• A large signal to noise ratio measured in testbeam for 180 GeV muons: S/N ∼ 40;
• Dedicated outputs useful for trigger purposes. A tower output, using 5 Tile Calorimeter
channels, to be connected to the level 1 trigger, and a muon output, using the two
channels of D cell, that could be used for this purpose.
As previously mentioned a tower combines the information from the three radial layers of
the Tile Calorimeter in slices of η×φ = 0.1× 0.1. A dedicated trigger board was developed
within the Tile Calorimeter collaboration by the Chicago University Group [38]. Without
being possible to have the detector volume fully covered due to lack of input channels on the
trigger board the ultimate goal was set to have a coverage on the most vertical 12 modules
(each readout by a super-drawer). For such a configuration, 8 trigger boards were needed,
distributed as illustrated in Figure 4.3 2. To each partition two trigger boards are connected,
one for the top modules (y > 0 and module #11 to #22) and the other for the bottom modules
2In the beginning of the commissioning only 2 trigger boards were available, which limited the number of
modules to be used in the trigger. More were produced to achieve the projected coverage.
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Figure 4.3: The Tile Calorimeter standalone cosmic ray muons trigger setup:
coincidence between top and bottom modules.
(y > 0 and module #43 to #54). Since each trigger board has 96 channels, only 8 towers
could be used from each Tile Calorimeter module: for the long barrel towers in |η| = [0.0,0.8]
(all towers but one) and for the extended barrel towers in |η| = [1.0,1.7] (all towers). A
very low noise differential amplifier with limited bandwidth and a fast discriminator with
programmable threshold are used for each analog signal input on the coincidence board.
Varying the discriminator threshold it is possible to mask noisy towers.
The trigger boards usage was tested for different configurations:
- A single tower in any of the Tile Calorimeter modules.
- A pair of towers with one tower triggered in the top region of the detector (y > 0) and
the other tower in the bottom region of the detector (y < 0).
- A pair of towers set back-to-back i.e. ηtop = −ηbottom and ∆φ = φtop−φbottom = π.
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Tower threshold (GeV)














rate vs. Single Tower Threshold
rate vs. Board Tower Threshold
rate vs. Back-to-Back Tower Threshold
Figure 4.4: Expected trigger rates from Monte-Carlo for the Tile Calorimeter
standalone trigger.
The expected trigger rates for these three cases obtained fromGeant 4Monte-Carlo simulation
for the long barrel and using all modules can be seen in Figure 4.4. From the analysis of the
results of this simulation itwas decided to use the second option listed above. The single tower
was too sensitive to noise and the one requesting for a back-to-back event was very limited
by statistics. As the detector construction and operation was progressing it was necessary
to connect the tower output to the level 1 trigger and the muon trigger output – only using
cells from the third radial layers (D cells) – was used instead (2007). Later when all the issues
with the muon spectrometer operational and the level 1 trigger performance were optimized
(2008) the analysis used mostly cosmic ray muons triggered with the muon spectrometer.
4.3 Certification of trigger and readout optical fibers
The timing, trigger and control (TTC) signals and the digitized data are transported between
the front-end electronics (FEE) and the RODs in optical fibers. These are multi-mode optical
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fibers with a core diameter of 50µm and a cladding diameter of 125µm. The fibers are called
either TTC fibers or ROD fibers depending on their usage. The TTC fibers transport different
types of signals: trigger signals (ATLAS level 1 accept signal, test and calibration triggers),
timing signals (bunch crossing signals, LHC clock, and synchronization signals, such as bunch
crossing reset and event counter reset) and commands from the central trigger processor
and/or sub-detector electronics. The physics data transport is made using the ROD fibers.
Upon reception of the level 1 accept signal the digitized signal in the Tile Calorimeter front-
end electronics is transported to the back-end electronics. The ROD is the main component
of the back-end electronics. It processes the digitized data in real time and sends information
about the energy, timing and a quality factor to the second level trigger.
For the certification of the readout and trigger optical fibers (ROD and TTC fibers) [39]
the following equipment was used:
• Optical power meters to measure the attenuation of the signal between the approxi-
mately 100 m that separated the FEE and the instrumentation racks.
• An optical time domain reflectometer (OTDR) to locate with the precision of a few
centimeters any break or splice loss and measure the length of the optical fibers.
For the attenuation measurement the requirements [39] for losses in the light output
level should be for the TTC fibers better than 3 db and for ROD fibers better than 7 db. The
attenuation results showed that for both 850 nm and 1300 nm pulses the average attenuation
Attenuation (dB)




















Attenuation (850 nm) Attenuation 850 nm
Entries  576
Mean    1.158
RMS    0.4092
Attenuation (dB)

















Attenuation (1300 nm) Attenuation 1300 nm
Entries  576
Mean   0.6259
RMS    0.3331
Figure 4.5: ROD and TTC optical fibers attenuation results for two different
wavelengths.
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Figure 4.6: Response from a good optical fiber seen by the OTDR.
.
fulfilled the requirements as shown by the two histograms in Figure 4.5, where all the fibers
showing attenuation below the 3 db requirement.
The OTDR injects a high intensity laser pulse in the optical fiber and measures the
reflected light in function of time. The reflected light has two sources: Rayleigh scattering
and Fresnel reflections. In Figure 4.6 the result of the measurements with the OTDR of a good
fiber is seen. A baseline coming from Rayleigh scattering along the optical fiber body is seen
between the patch panel and connection on the Tile Calorimeter drawer. The different peaks
result from Fresnel reflections and are expected, representing specific points along the optical
fiber path which are detailed in the figure. These are related with the measurement (the first
peak on the left due to the auxiliary fiber used in the measurement) and the setup (from left
to right: 2nd peak, the patch panel, 3rd peak, drawer connection and 4th peak, the interface
board connection inside the drawer or the fiber end). Fiber breaking, excessive bending or bad
connections will produce additional Fresnel peaks. These are exemplified in Figure 4.7. In
Figure 4.7(a) is show the result of a bad splicing that results in the appearance of an additional
Fresnel peak. The procedure is to make a verification of the splicing and correcting it. In
Figure 4.7(b) is illustrated the effect of accumulated dirt in the patch panel connector. Usually
cleaning the connector with compressed air would restore the performance of those fibers.
The OTDRmeasurements showed that the optical fibers lengths were between 60m andmore
that 100 m. These were observed both for the TTC fibers and the ROD fibers. In Figure 4.8
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(a) A high peak appears 25 meters before the end of the drawer.
(b) Dirt in the patch panel connector.
Figure 4.7: Typical problems found in optical fibers during the OTDR tests.
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Average lengths for TTC fibers
Figure 4.8: ROD and TTC optical fibers length results.
84
4.4 Contribution of cosmic ray data to the certification of the Tile Calorimeter operations
these results are summarized. The label in the x-axis refers to sectors in the Tile Calorimeter
cylinder existing 8 modules/sector. The data points in the figure is the average over the 8
barrel modules and their RMS. On the figure on the left are the average fibers lengths for the
ROD fibers and on the right the average fiber lengths for the TTC fibers. The results show
that both ROD and TTC fibers have a same pattern for the fiber lengths distribution which is
expected since for each sector both sets of fibers are routed together.
4.4 Contribution of cosmic ray data to the certification of the Tile
Calorimeter operations
In addition to the different calibration and monitoring runs of the Tile Calorimeter, using
the tools described in Chapter 2.2, the cosmic ray muons data taking was also useful for
the detector’s certification. A description over the most relevant quantities explored in a
fast analysis is now presented. In the early commissioning this was done oﬄine since no
online monitoring tools were available or working in an user friendly manner. After a long
debugging, as the monitoring tools improved, this type of quality checking was included in
the data quality shifts check list, also made online, to provide to the people in the hardware
side hints for planning the necessary hardware repairs.
Rates of cosmic muons The event rate is the first quantity that can be used to evaluate
the quality of a run. A too large deviation from what is expected by the Monte Carlo
(Figure 4.4) can be the first clue on hardware problems either in the setup (trigger
thresholds) or on the detector itself (noisy or dead channels).
Trigger towers distributions When using the Tile Calorimeter standalone trigger the
distribution of the trigger towers coincidences was available and it was useful to
identify noisy or dead trigger towers (TT). It would only give information on the trigger
operation and not on the detector performance for which a more detailed analysis was
necessary. The concern was to identify the dead and noisy trigger channels. A TT with
an unexpected low count rate could be due to:
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• A too high threshold being set for that channel;
• A hardware problem for that calorimeter tower;
and a TT with an unexpected high rate due to:
• A very low threshold increasing the contribution due to noise;
• The right threshold but a tower with an atypical noise;
The final decision would result from checking the detector response in energy and a
decision to mask or to change the threshold would be decided. In Figure 4.9 it is
presented experimental results for such a distribution for a setup with 8 modules on
the top and 8 modules on the bottom. Each entry is a coincidence between a tower top
and a tower bottom and for each module 8 bins are used to identify each one of their 8
towers. The 16 bins with very few or no entries correspond to module #16 that tripped
off during the run and module #18 that was not included in the data taking.
Energy distribution The expected energy distribution for cosmic muons is well established
for the Tile Calorimeter. A large experience from testbeam along the years [26] showed
that the expected energy distributions from muons crossing the full height of a Tile
Calorimeter module should peak around 2 GeV. Due to the trigger configuration, and
in particular with the standalone trigger used in the early commissioning, a signal
is required in both top (y > 0) and bottom (y < 0) parts of the Tile Calorimeter. In
Figure 4.10 this result is presented for the top and bottom parts of the detector. The
muons reaching the bottom parts have already lost some of the energy in the top part
and this explains the shorter high energy tail observed in the energy collected over the
modules on the bottom. During the early commissioning, when using the standalone
trigger, the synchronization between the top and bottom regions was sometimes poor
resulting in runs with no energy deposits either in the top or bottom parts or even in
both of them. So the verification of the total signal both in top and on the bottom was
also a diagnostic tool on the synchronization of the Tile Calorimeter and the trigger.
Distribution of events in φ vs η The distribution of events in φ and η is also useful to detect
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Trigger Towers (TOP)





























Figure 4.9: The distributions of triggers from the trigger board output in early
commissioning (2006): 8 modules TOP in the C side and 8 modules
BOTTOM in the A side
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Figure 4.10: Tower of maximum energy: TOP and BOTTOMmodules.
noisy and dead regions of the detector. In Figure 4.11 and Figure 4.12 two examples for
this kind of distributions are presented for the Tile Calorimeter. Each figure corresponds
to two different periods of the commissioning with cosmics muons where it is visible
the evolution of the experimental setup.In these two plots the colors or z-axis shows the
occupancy of each [η,φ] bin.
Figure 4.11 shows the Tile Calorimeter operating regions during the M4 integration
week where the EBC partition was not being used and only the bottom part of the LBC
was being included in the data taking. The distance between the EBA and LBA (or the
EBA end in η) shows that the EBA was not in its final position since instrumentation
and repairs on the front-end electronics were still being made. This works also as a
crosscheck on the reconstruction software. From these type of plots it is possible to
verify if the correct geometry was the one used in the reconstruction.
In Figure 4.12 it is presented another configuration later in the commissioning during
the M7 where the EBA was not being used. The EBC is now included in the data taking
and it can be seen that the EBC is in its final position. These plots still use data collected
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Figure 4.11: Thedistributionof theTileCal towers abovea1GeV tower threshold
(300 MeV cell threshold) probing on all the connected modules
during the M4 integration week.
with the Tile Calorimeter standalone trigger. This explains the preferred regions in the
distribution of the events with hot regions around the regions in φ that are connected
to the trigger boards. There is also an asymmetry between the C side (η < 0) and the A
side (η > 0) that can be explained by the expected asymmetry of the muons distribution
due to the large shafts that exist in the ATLAS pit. In a quality check the concern is on
the [η,φ] bins for which an excess of events relative to the first neighbours is evident
and that are not understood as resulting from a specific trigger configuration.
Another option would be to have the integral of the energy for each one of these
histogram bins as exemplified for two modules in Figure 4.13. The figure shows that
the charge integral is typically smaller for module 15. This could be explained also due
to the trigger configuration or the necessity of a larger threshold for the towers of that
module. However there is a pair of channels in which the response of module 15 is
higher, being two times higher in one channel. This could also be the evidence of a
problem in those channels that requires a more dedicated analysis.
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Figure 4.12: Thedistributionof theTileCal towers abovea1GeV tower threshold
(300 MeV cell threshold) probing on all the connected modules
during the M7 integration week.
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Figure 4.13: Charge integrals for the channels of two Tile Calorimeter modules:
module 17 and module 15.
PMT charge response - ADC Samples The digitized samples of the Tile Calorimeter pho-
tomultipliers signals were also available in the data files. For each photomultiplier there
would be 9 samples, each one with 25 ns width. For each sample an amplitude in ADC
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counts is stored. This sampled signal is used to measure the energy, the phase relatively
to a trigger and the value of the pedestal for each PMT. The distribution of these samples
(Figure 4.14) should have as basic features:
• A symmetric distribution that is fully contained in the time interval with a well
defined peak;
• The distribution maximum should be set on samples 4-5 if the channel is well
synchronized with the trigger;
• The 2nd and 8th samples should have approximately the same amplitude;
If the above conditions are not observed for a considerable number of trigger channels
the run should be rejected, since in that case the only stored information are random
triggers coming from noise. In Figure 4.14 it is shown a case where a bottom module
(LBA48) is delayed relatively to a top module (LBC17).
 samples 




















Figure 4.14: Digitized signal samples distributions: a symmetric distribution
with a peak in sample 5 for LBC17 and in sample 6 for LBA48
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Figure 4.15: The technical drawing of the collimator of the LHC accelerator.
4.5 Single beam
Before the collisions start-up there are periods of timewhen each LHC beam circulates around
the accelerator ring. For the first injections the beam is circulating at its nominal injection
energy of 450 GeV. Beam 1 (2) is used for a beam circulating clockwise (anti-clockwise) which
inATLASmeans that it goes frompositive (negative) to negative (positive) z. These accelerator
tests were also used in benefit of the different LHC detectors and this operation mode is
referred as Single Beam data acquisition period. Results with Single Beam are presented in
Chapter 6.
The Single Beam data was of two types: splash events and scraping events. The names
derive from the manner these events are produced. A common element for these two types
of events are the tertiary collimator located 140 m from the interaction point (IP) and the
beam pick-up (BPTX) system, part of one of the beam monitors, that is located 175 m from
the IP and is used as trigger and reject efficiently the cosmic ray muons. In Figure 4.15 can
be depicted details of the collimator in a technical drawing. The tertiary collimator made of
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(a) Collimator jaw (b) Open collimator (c) Closed collimator
Figure 4.16: Details of the collimator’s (a) One of the collimator jaws used in the
secondary collimator that has the same dimensions but it is made of
carbon (b) The collimator is opened (c) The collimator is closed.
Figure 4.17: A event display of a splash event in the ATLAS detector. Each splash
event could reach up to a few TeV of deposited energy.
copper (Cu) with an inlay of tungsten (W) are 1 m long and are located before the interaction
points for protection of the triple superconducting magnets. In Figure 4.16 details of the
collimator are presented. On the left one of the jaws before the collimator’s assembly, in the
center the collimator is open with the two jaws being apart from one another and on the right
after sliding in the jaws and closing the collimator. For splash events the collimator is closed
and the protons collisions produce millions of high energy particles that reach the ATLAS
detector. The scrapping events are produced by defocusing the beam resulting then that the
outermost protons will collide with the collimator jaws producing a relatively small number
of particles. The particles reaching the calorimeter are mostly muons from the decay of pions.
In Figure 4.17 the event display of a reconstructed splash event can be depicted. The
different views show that all the subsystems were collecting data in 2008. These events are
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Figure 4.18: Comparing the trajectories of muons in Single Beam data and cosmic ray
muons data.
clearly coming from a different position that the cosmic ray muons come. This is clear if the
sinus of the angle relatively to the z axis of the muons trajectory is calculated. In Figure 4.18
a comparison is made between muons produced in the Single Beam runs and the cosmic
ray muons runs. Two peaks can be distinguished: one close to 0 which correspond to the
trajectories closer to the horizontal and another close to 1 which corresponds to trajectories
close to the vertical. These correspond respectively to Single Beam and cosmic ray muons
data. The muon track parameter was calculated using the TileMuonFitter algorithm which
will have a dedicated section in the next chapter.
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5.1 Cosmic ray muons
The commissioning of the ATLAS detector made extensive use of the ionizing particles
resulting from the interaction of cosmic rays in the earth’s atmosphere. Figure 5.1 [3] shows
the variation of the flux of particles originating in cosmic rays with the atmospheric depth. As
the atmospheric depth increases the flux of muons and neutrinos is approximately constant
or slowly decreasing but for all other particles types such as protons and electrons, the flux
decreases by several orders of magnitude. These muons (and neutrinos) are produced from
the decay of charged pions (π±) and are the only particles that will reach the surface with a
rate high enough in order to be used in the commissioning of the LHC detectors.
Figure 5.1 also shows that the muons start to appear at an altitude of about 15-17 km.
During their path they lose around 2 GeV by ionization before reaching the surface of the
earth. In Figure 5.2 [3] the distribution of the muons momentum (pµ) at the earth surface is
depicted. The line represents themodeled curve for vertical muons (Θ= 0o) reaching the earth
surface and the different symbols refer to different sources of experimental data; the shifted
distribution represents the same distribution but now for an angleΘ= 70o. The shift on in the
muon pµ spectra is due to two factors: the low energy muons will decay before reaching the
surface reducing the lower account of muons with lowmomentum; at 70o the path travelled is
longer so there will be more pions with higher energies that decay before reaching the earth’s
surface. The ATLAS detector is installed in a experimental cavern 100 m underground. A
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Figure 5.1: Vertical flux of particles with energy above ¿ 1 GeV in the atmosphere.
The lines are estimated values and the points are experimental results from



























Figure 5.2: Distribution ofmuons at the earth surface [3] (left) and the ATLAS detector
in the experimental cavern (right).
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Figure 5.3: The ATLAS cavern muon-ray plate. The circular regions with higher
statistics represents the ATLAS experimental caver shafts.
free path between the surface and the ATLAS detector is available through two large shafts
that were necessary for the detector installation. In Figure 5.3 the cavernmuon-ray diagnostic
where the shafts are clearly identified by the two circular regions with larger statistics. In
addition there are the geometric constraints due to the pit walls. So the cosmic raymuons flux
distribution over the ATLAS detector will be drastically different from what is seen on the
surface. There will be preferred regions simply due the loss of muons along their traveling
along the rock which is of greater importance for low momentum muons that are the most
abundant.
The energy loss of muons in matter is described by Figure 5.5 [3]. This is the response for
muons going across copper. For steel the response is not very different since the dE/dx ∝ Z/A
and the relative ratio of Z/A between the twometals is on the order of 2%. Even if we consider
that the tile calorimeter is a mixing of iron with 5.5% polystyrene, the effect of the latter
should be small due to a density six times smaller than iron (steel). Comparing Figures 5.5
and Figure 5.2 it is seen that for most cases the cosmic ray muons spectra is on the right of
the ionization minimum but still in a region where the dominant effects are the energy loss
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due to ionization. From Figure 5.5 the two contributions are equal for E = Eµc and above this
value radiative effects increase considerably as the muon momentum increases. This guides
us to the contents of the next section where a description of the Tile Calorimeter muon energy
response is made.
5.2 Description of the energy response from cosmic ray muons
Muons have been studied using the tile calorimeter geometry for a long period of time since
the first beam tests back in 1995 [24] an through the testbeam calibration period 2000-2003 [26]
and in the last combined testbeam in 2004. The usual scenariowas to have awell known source
of muons with a controlled flux, and pre-defined energy. This was during testbeam where
mono-energetic high energy muon beams were used to study the tile calorimeter response.
Typically the used energy was 180 GeV although studies using lower energymuons were also
made. Cosmic ray muons have a large momentum spectra from a few GeV to hundreds of
GeV.
The muon spectra in the Tile Calorimeter 5.4 is characterized by having a well defined
peak that is referred as the most probable value (MOP). To the left of the peak a low energy
gaussian tail that characterizes the ionization energy losses and to the right of the peak a
Landau tail which characterizes the radiative energy losses of the muon interactions.
Themain factor determining the energy response ofmuons in a calorimeter is the crossed
path length. The measurement of a dE/dx inMeV/mm eliminates the dependency on detector
and trigger coverage geometry. It also allows the comparisonwithMonte-Carlo more straight
forward. This justifies that one of themain outcomes of ultimate version of the TileMuonFitter
algorithm has in the output the calculation of the crossed path length.
5.3 Datasets
Unless mentioned the presented results used data from cosmic ray muons taken during 2008











Figure 5.4: Typical shape of the muon spectra crossing the Tile Calorimeter detector.




























































Figure 5.5: Energy loss by muons in copper [3].
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• ID-COMMEvents triggered by theResistive Proportional Chambers (RPCs) of theMuon
Spectrometer and requiring one track reconstructed in the Inner Detector (ID). The run
numbers are 91885 (116974 events) , 91888 (84717 events), 91890 (124873 events), 91891
(108925 events) and 91900 (165913 events). The re-reconstruction is from November
2009 reprocessement with the latest cesium corrections. In the text this comes referred
as: ID-COMM data stream
• CosmicDownwardMuons Events triggered by the RPCs. This is the very long run
91387 and for the energy analysis only 329251 events have been re-reconstructed. For
simplicity this will be called as: RPC data stream
• MC A Monte Carlo (MC) was produced using the ATLAS geometry reconstruction
version 7.0.0 of May 2009. In the simulation both solenoid and toroid were active. This
MC produce 787732 events from run number 108867. The simulated events had the TRT
as the selection volume.
5.4 The Tile Muon Fitter algorithm
As alreadymentioned, when the commissioning of the ATLAS detector started not all systems
including the tracking and triggering systems were operational and the Tile Calorimeter had
to operate in physics runs as standalone (2005-2006). So, it was necessary to develop specific
tools for the analysis of the cosmic ray muons events, hardware tools such as the standalone
trigger boards described in the previous chapter, as well as software tools. One of these
software tools is the Tile Muon Fitter (TMF) [42] algorithm.
When crossing the calorimeter the typical cosmic ray muons, with energies from a few
GeV up to the order of hundreds of GeV, will lose energy mainly through ionization and will
not be stopped within the calorimeter volume. So these muons are well identified in the Tile
Calorimeter by their energy deposits and by a well defined crossed path. The TMF algorithm
identifies the cells with energy deposits resulting from the passage of the cosmic muons and
these cells are used to define the cosmic muon track in the following sequence:
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• Identification cells with a measured energy above 250 MeV (approximately 4 times the
noise RMS) both on the top (y > 0) part and the bottom part (y < 0) of the calorimeter.
• Combine the cells in the top and bottom region to find a track, obtain the track
parameters.
• Calculate the crossed path length per radial layer, module and partition (but not per
cell). For the track definition the geometric center of the Tile Calorimeter cell is used
and latter a linear fit is applied.
• Identification and collection of all the cells within a minimum distance of the track. The
distances used were respectively for the A, BC and D cells: 300, 375 and 860 mm in the
Long Barrel and 750, 750 and 1700 mm in the Extended Barrel.
Due to the large size of the tile calorimeter cells it is possible to neglect the effect of the
magnetic field in the trajectory of the cosmic ray muon so TMF considers that the muon goes
across the detector volume following a straight path. Typical tracks reconstructed by the Tile
Muon Fitter algorithm are shown in Figure 5.6 and Figure 5.7.
Two track finding algorithms were developed: a first one based on a χ2 minimization
of the orthogonal distances of the cells (using the position of the cell center) to the track,
using Minuit; a second method, based on the Hough Transform, proved to be more robust
with respect to noise rejection, and able to handle multiple tracks (as shown in Figure 5.6
and Figure 5.7), so it became the default method. Unless otherwise specified, all TMF results
shown use the Hough Transform method.
Hough transform
The Hough Transform[43] (HT) is a well known technique aiming at detecting data tracks
a noisy environment and/or with missing information. The TMF algorithm uses the Hough
Transform on the detection of the Tile Calorimeter cells that can be associated to the same
track of the cosmic ray muon. Due to the low signal-to-noise ratio of muon interaction, this
approach has proved to be highly efficient in the commissioning phase of ATLAS using cosmic
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Figure 5.6: Tracks detected in a cosmic event.
Figure 5.7: Tracks detected in a single-beam data event.
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rays, over performing the initial method based on least-squares fitting.
Beforeproceeding the concept of theHT ispresented. For this purpose a simplerproblem,
the one of a straight-line in a two dimensional space x,y ( coordinates space ) is chosen. In a
plane two parameters are necessary to parametrize a straight-line. The idea of the HT is to
build a parameter space where to each straight-line in the coordinates space, a unique point
in the parameter space is associated.
Let us consider the following parametrization,
y =m×x+b .
In this case the used parameters are the slope m and the y-axis interception b uniquely
identify a straight-line. However these are unbounded parameters and for vertical or close to
the vertical trajectories (b,m→∞), problems may occur. An alternative parametrization [44]
is the following
ρ = xcosθ+ ysinθ (5.1)
where theparameters that identify thepoints along this line are the angleθmeasured relatively
to the positive x-axis and the algebraic distance ρ from the origin. If ρ > 0 and θ is an angle
within [0.,2. ·π[ a unique pair of parameters will identify a line. The relation between the
coordinate space (x,y) with the parameter space (ρ,θ) can be summarized as follows:
• A point in the coordinate space corresponds to a sinusoidal curve in the parameter
space.
• A point in the parameter space corresponds to a straight line in the coordinate space.
• Points on the same line in the coordinate system will correspond to curves that go
through a same point (ρ,θ) in the parameter space.
• A point or points lying on the same curve in the parameter space correspond to lines
through the same point in the coordinates plane.
Following this procedure a scan over all the data points in the coordinate space is made,
103
5 Certification of the energy scale with cosmic ray muons
to calculate the corresponding parameters in the parameter space. The parameter space is
divided in small bins of ρ and θ and the results of the scan are used to fill these bins. A
straight-line will be identified by a pair (ρ0,θ0) to which corresponds the equation
ρ0 = xcosθ0+ ysinθ0
and every pair (x,y) verifying this equation will be located on the same straight-line.
The HT approach as presented above has however an extensive computational
cost since the parameter space requires a fine-grained quantization in most applications.
Some variations of the standard HT method have been proposed in order to reduce the
computational cost. Among them, a combination of the Local Hough Transform (LHT) [45]
and the Adaptive Hough Transform (AHT) [46] is used in the TMF algorithm.
In order to implement a cosmic ray track detection in TileCal HT-based, some previous
steps should be executed in order to extend the above methodology to a 3-dimensional space.
The whole procedure is listed bellow:
1. Project the corresponding cell center point onto two orthogonal planes: XY and ZY.
2. Find the target straight-line track on each plane using the HT method.
3. Merge the 2 lines in a 3-D track.
The HT algorithm used was the LHTwith two AHT iterations. The first iteration seeks for the
peak position in the parameter space, looking for the highest accumulator bin. The second
iteration computes the mean value for ρ and θ, looking only around the peak position found
by the first iteration. Those mean values are the most probable straight-line parameters in
the data space. The energy to each calorimeter cell is used as a weighting factor for the
accumulator increment, allowing a fine tuning of the reconstructed track.
Tile Muon Fitter output
The main output of the TMF are the track parameters of the muon that goes across the Tile
Calorimeter volume. Each track is defined using two angles, the φ and θ of the spherical
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Figure 5.8: Theparameters of the track calculatedusing theTMFalgorithm: adirection
given by the angles θ and φ and a point given by the intersection of the
track with the plane y = 0.
coordinates, and one point, defined as the intersection with the XZ plane for y=0 (X0Z).
These variables are presented in Figure 5.8 and Figure 5.9. As expected the results show a
predominance of events with directions close to vertical. The x and z distributions are more
uniform, showing that the whole Tile Calorimeter is populated with cosmic muons energy
deposits.
In addition the Tile Calorimeter cell time measurements are used to calculate a TMF
event time. The point at which the muon track crosses the horizontal plane X0Z is taken as
a reference. For each selected cell, the time-of-flight (ToF) is added ( or subtracted) to the
measured cell time. The ToF is calculated considering the muons travelling at the speed of
light, from the y=0 point to the point in the track closest to the cell center, if the cell is on
the top (bottom) part of the detector. The y=0 time is then calculated as the energy-weighted
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average of the cell’s time.
The intersections of the reconstructed track with the detector volume are also calculated
within TMF. This crossed path length is calculated within a partition (p), within a module
(m) and within a layer (l). It does not detail which and how many cells have been crossed by
the cosmic ray muon. The quantity defined per each (l,m,p) combination is designated as a
segment.
The TMF still collects the cells used by the HT fit as well as all the cells within a region
of interest around the track. This region of interest is defined as described above by using a
set of maximum distances from the track to the cell center. The energy summed over the two
channels of a cell, the average time of a cell, the time difference between the two channels of
a cell, the cell coordinates (X,Y,Z) and (η, φ) are saved and delivered for each cell by the TMF
algorithm.
Tile Muon Fitter precision
The TMF precision was evaluated usingMonte-Carlo simulation and by comparing per-event
the track parameters with the generated track parameters also referred as the Monte-Carlo
truth data. The results obtained for the two angles θ and φ that define the track are presented
in Figure 5.10. The precision obtained for both angles is of 1.6◦. For the coordinates in X0Z
plane the same exercisewas carried out and the results are presented in Figure 5.11. Thewidth
of both histograms corresponding to the coordinates X and Z is of the order of 200 mm. The
precision is poor but it is something expected due to the large cell sizes. In fact the 200 mm
value correspond approximately to the width of a A cell in the Long Barrel partition that is
the best possible precision that can be achieved with an algorithm with the characteristics of
the TMF.
The error in the path length determination caused by a 1.6◦ error in for θ and φ can be
conservatively estimated as 2.4%, by considering a track crossing the outer edge of the long
barre D3 cell.
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(b) X vs Z
Figure 5.9: The definition of a track by the tile muon fitter algorithm is based in 2
angles (a) and in the coordinates in the plane XZ for y=0 (b).
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Figure 5.10: Angular precision for the zenith angle θ and azimuth angle φ. The
histograms entries are per-event differences between the reconstructed
and the generated angles.
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Figure 5.11: Position precision in the X and Z-coordinate respectively, both at the
horizontal plane (Y = 0) crossing. The histograms entries are per-event
differences between the reconstructed and the generated angles.
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5.5 Energy imbalance of calorimeter modules with early
commissioning data
A first approach to check the performance of the Tile Calorimeter energy scale was done
by measuring the imbalance of the measured energy of the two photomultipliers that read-
out a cell. This was done very early in the commissioning (2006 data) where very few Tile
Calorimeter modules were being used in data taking. For this preliminary analysis only 8
modules on the top (y > 0) and 8 modules on the bottom (y < 0) were available. In the list
of connected modules, two of them were used during the testbeam and calibrated using the
tools described in Section 2.2. For the remaining modules the photomultipliers have been
simply set to the nominal gain of 105.














are the energy measured in each one of the two photomultipliers i and j of a
cell k. The double read-out of the Tile Calorimeter has the main purpose of producing a signal
that is independent of the region of the cell where the energy is deposited. This quantity
can be used to measure the uniformity of a cell response within a module, and of a module
relatively to the others by combining the different cell measurements.
If the two channels that read-out a cell are equalized then it is expected that, if a large
statistics is accumulated, in average the energy difference should be approximately zero and
the same for AE. If this is not the case, a shift from zero is expected that should be related to
the mis-calibration of the channels in a cell.
Cosmic ray muons were used in this study although they may not be the most adequate
source of data for this type of studies since there is no direct and experimental control over
the distribution of these particles. However it is expected that after some time the distribution
of events will cover the cell volume precisely due to the randomness of the trajectories of
the cosmic ray muons. In this case the above quantity can still be used for the described
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Figure 5.12: Average imbalance <AE > in TileCal modules as a cross-check on energy
calibration
purpose. This was done with 2006 data and a summary of the results is shown in Figure 5.12.
It is observed that the calibrated modules (LBC 14 and LBC 17) have an < AE > ≃ 1% and
globally < AE > is below 5%. Since the non-calibrated modules channels/PMT’s were set to
the nominal gain it can be concluded that the fluctuations in the optical chain must be below
5%.
5.6 Signal to noise separation
A quantity that characterizes the response of a detector is the capacity to distinguish signal
from the electronics noise (pedestal). The tile calorimeter cell performance is driven towards
the measurement of high energetic particles included inside the hadronic jets produced in the
LHC collisions. However it is also to note that the detector has a good performance even for
particles, like muons, which leave a relative small energy deposit along their path inside the
calorimeter. This is also the case of a class of particles predicted inmodels beyond the standard
model, such as the stable massive particles (see Section 3.2.4) that also have a relatively small
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Peak FWHM σle f t σright
A+BC+D 4.21 ± 0.02 3.01 ± 0.02 1.13 1.43
TOP 2.16 ± 0.01 2.07 ± 0.01 0.84 0.92
BOT 2.22 ± 0.01 2.15 ± 0.02 0.86 0.96
A Cells 0.76 ± 0.01 1.04 ± 0.01 0.41 0.48
TOP 0.41 ± 0.00 0.63 ± 0.00 0.25 0.28
BOT 0.40 ± 0.00 0.65 ± 0.00 0.25 0.30
BC Cells 2.04 ± 0.01 1.90 ± 0.01 0.74 0.87
TOP 1.05 ± 0.01 1.19 ± 0.01 0.48 0.53
BOT 1.05 ± 0.01 1.22 ± 0.01 0.48 0.56
D Cells 1.18 ± 0.01 1.26 ± 0.01 0.50 0.58
TOP 0.64 ± 0.00 0.84 ± 0.01 0.33 0.38
BOT 0.61 ± 0.00 0.83 ± 0.01 0.33 0.37
Table 5.1: The results from a fit with a gauss and landau convoluted function for the
module response (A+BC+D) and for each radial layer (RPC data stream).
energy deposit on the calorimeter.
The separation of noise and signal for the cosmic ray muons in each radial layer of the
calorimeter has been investigated. In Table 5.1 the results from fits to the cosmic muon rays
tracks distributions are presented. A complete description of the detector response to muons
is obtained using the result from a convolution of a gaussian and a Landau distributions [40].
The columns of this table give the peak valuewhich is also referred as themost probable value
(MOP), the full width at half maximum (FWHM), the σle f t that is the width of the gaussian
tail (low energy) and the σright which characterizes the width of the landau tail (high energy).
The distributions were produced taking in account the following procedure:
- Events were selected by the TMF algorithm;
- These events use cells whose energy is above 60 MeV:
E = E1+E2 > 60MeV
;
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TileCal Energy (GeV)
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Cosmic run 91387 11-10-2008
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Cosmic run 91387 11-10-2008
Tile Muon Fitter selected BC cells
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Cosmic run 91387 11-10-2008
Tile Muon Fitter selected D cells
(d) D Cells
Figure 5.13: Signal and noise separation considering all possible trajectories for the
cosmic ray muons. Data and pedestal include exactly the same cells per
event. The RNDM stream was used for pedestal and RPC data stream
was used for data.
- These events use cells with a time difference between photomultipliers below 6 ns:




This was obtained using the RPC data stream. In addition to all the different physics
stream there is one that collects the detectors response relative to random triggers that for
each tile calorimeter cell will give the distribution for the electronic noise (pedestal). For
the pedestal distribution and for each event only cells with a measured physic signal in the
physics stream are used in this measurement.
The signal to noise (S/N) separation results are summarized in Table 5.2. The topmodules
and the bottom modules show comparable values S/N = 19 for the the combination of the
three radial layers and 5.9, 13.9 and 9.4 for A, BC and D cells respectively. Summing the
contributions of the top and bottom modules the S/N increases to 25 for the combination of
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ALL TOP BOT
Peak σnoise S/N Peak σnoise S/N Peak σnoise S/N
(GeV) (MeV) (GeV) (MeV) (GeV) (MeV)
A+BC+D 4.21 166 25.4 2.16 115 18.9 2.22 117 19.0
A Cells 0.76 86.7 8.78 0.41 68.6 5.96 0.40 67.0 5.92
BC Cells 2.04 105 19.5 1.05 76 13.9 1.05 77.7 13.6
D Cells 1.18 89.2 13.2 0.64 68.5 9.4 0.61 68.3 8.96
Table 5.2: The signal to noise ratio (S/N) for the averagemodule response and for each
radial layer (RPC data stream).
the three layers and 8.8, 19.5 and 13.2 for the A, BC and D cells respectively.
If a more stringent selection is done, requiring only muons that cross within a small slice
in η the obtained S/Ngets closer to the valuemeasured in testbeam formono-energeticmuons.
In Figure 5.14 [18] the muon selected for 0.3 < η < 0.4 are plotted for data and Monte-Carlo.
The entries are energy deposits per module so top and bottom parts are included in the plot
as separate contributions. A good agreement is seen between data and Monte-Carlo. The
pedestal distribution only includes per event, as before, the cells crossed by the muons and
passing the selection cuts. The S/N separation is larger and if for the D cell S/N = 16 and for
the whole module S/N = 29. Taking in account the typical momentum spectra of the cosmic
ray muons (muon with tens of GeV) the ratio is smaller that the one measured in testbeam
using 180 GeVmuons. This is expected by the Beth-Bloch energy distribution showed earlier.
Since the signal and noise are well separated these S/N is considered as a good performance
result.
5.7 Energy scale and φ uniformity
This section is divided in three parts. First the selection cuts are presented since these are
common to the two developed analyses. In a second section the energy scale of the Tile
Calorimeter is evaluated using cosmic ray muons and after the results for the uniformity in
φ are presented [41]. For the two results a comparison with earlier results submitted for
publication on the Tile Calorimeter readiness paper [18] is made.
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(a) D cells (b) Total
Figure 5.14: Energy muon for projective muons selected in 0.3 < η < 0.4. The pedestal
distribution uses per event the same selected cells as the ones used for
data. The ID-COMM data stream is used for data and RNDM stream
used for the pedestal.
5.7.1 Selection cuts
The TMF algorithm will collect all the cells that are close to the reconstructed track as already
described in Section 5.4. Even these cells may have problems that require their measurements
to be rejected within a event. There are also features related to the geometry of the detector,
triggered events and the quantity used for this certification that require an evaluation to
decide if a measurement is or is not suitable to be used for the present analysis. In what
follows, a detailed discussion of the selection cuts needed for this analysis is presented and a
justification is presented.
Cell selection
After defining the track parameters, the TileMuonFitter algorithm collects all the cells within
a radial distance from the track. This radial distance depends on the radial layer. There is no
quality factor that is imposed for the selection of these cells. This is done in the analysis by
selecting cells using a energy threshold and a time correlation.
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Length Cuts (mm) Layers
DATASET Partition A BC D
ID-COMM
LB 310 855 390






Table 5.3: Crossed path length cut values.
Energy threshold
The applied energy threshold is used to reject cells that are compatible with noise. All cells
with an energy below 60MeV are not consideredwhen the energy per layer or the total energy
is calculated.
Time difference between cell photomultipliers
The time difference between the two photomultipliers of a cell represents a correlation of
the two channels that are measuring the same cell. For physics signals the time measured
in each photomultiplier should be similar. This is not the case for electronic noise events
where each photomultiplier will have a random time associated to the energy measurement
or equivalently the two photomultipliers are not in coincidence [31].
Crossed path length threshold
During the analysis it was verified that the crossed path length calculation often provided
very small segments associated to large energy deposits, which results in very large values
of dEdx . For this reason these very small segments are rejected and selection cuts has the ones
presented in Table 5.3 are used.
Angular threshold: |90◦−ΘTMF|
The periodic structure of the calorimeter results in large sampling fraction fluctuations that
depend on the angle with which the muons cross the calorimeter. The angle defined as
|90◦ −θTMF|, where θTMF is the usual spherical coordinate measured relatively to the z-axis,
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Figure 5.15: The effect of sampling fraction with the variation of the θTMF. The data
points on the left for small values of |90−θTMF|
that is small and close to zero for muon travelling with trajectories parallel to the xy-planes.
In Figure 5.15 the effect of the sampling fraction in the path of the cosmic ray muon is very
large for |90◦−ΘTMF| < 8◦ which is used to select the trajectories of the muons.
Momentum measured by the Muon Spectrometer
The cosmic ray muons have a momentum distribution that spans over a large interval as seen
by the histogram in Figure 5.16. However it is known that the muon energy loss depends
strongly on the momentum of the muon. So to minimize the fluctuations that could occur due
the usage of a so large momentum interval a selection is made requiring the muons to have
10 Gev/c < pµ < 30 Gev/c.
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Cosmic ray muons triggered by the RPCs
Figure 5.16: Cosmic ray muons triggered by the RPCs and momentum measured by
the muon spectrometer.
xTMF and zTMF
The xTMF and zTMF are the coordinates of the muon track in the horizontal plane y=0 as
provided by the TileMuonFitter algorithm. These variables ca be used to reject wrongly
reconstructed tracks due to noise that fall out of the inner detector volume, for ID-COMM
stream, or out of the Tile Calorimeter volume, for the RPC data stream.
Truncation
The truncation of 1% of the high values of dE/dx (Figure 5.17) is used to eliminate the
fluctuations resulting from the muon radiative contribution to the high energy tail.
5.7.2 EM energy scale from cosmic ray muons
The EM energy scale has been transported to the ATLAS cavern for all the Tile Calorimeter
cells using the cesium calibration system (Section 2.2.3). The goal of this analysis is to validate
This calibration and its uniformity using the signals from cosmic ray muons. To achieve
this it is required a high statistics so that the limit to the measurement results mainly from
systematic errors. The quantity used for this purpose is the dE/dx (in MeV/mm) using the
selection cuts described in the previous section. This quantity is calculated per radial layer
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Figure 5.17: Distribution of energy loss (dE/dx) showing the region eliminated with a
1% truncation on the high energy tail.
using the segments that are the output of the TileMuonFitter. The segments are as already
mentioned defined per partition, module and radial layer. In the present study the dE/dx
is calculated per radial layer and for partition type: LB and EB. First a discussion over the
systematic errors is presented and later the results are summarized.
Systematic errors
The contributions to the systematic errors are the following:
• One of the source of systematic errors is the definition of the selection cuts. A variation
around the nominal values presented in the above section gives the sensitivity of the
calorimeter to the measurement of the dE/dx to the cut definition. The sensitivity is the
systematic error associated to this cut. This is applied for the energy, time difference,
angular selection, zTMF and xTMF and truncation. A positive shift (nominal + ǫ) and a
negative shift (nominal - ǫ) are applied to this variables to give the upper error limit
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and a lower error limit and after half of the difference between this two variations is the
systematic error for these contributions.
• For momentum and path a set of intervals within the existing data are used. For the
momentum five intervals of 4 GeV/c are used. All these intervals have enough statistics
so that systematic effects will be the dominant error. For the path five intervals with
different width but equal statistics were chosen, since an approach with the same width
bins would lead to several intervals limited by statistics, which would over estimate the
contribution of this quantity to the systematic error. Half of the maximum difference
between the bins is used to calculate the systematic error.
• The results presented refer to the radial layers on the bottom part of the cylinders, which
results in another systematic contribution as the difference between the Top (y > 0) and
the Bottom (y < 0). Half of the difference between the measurement on the two regions
of the cylinder is used as the systematic error.
• Since the total data corresponds to measurements from 5 different runs the differences
between these runswill also be a contribution to the systematic error. It should be added
that these runs were taken within a relative small interval of time in the end of 2008.
Half of the maximum difference between masurements is used to calculate the error.
• The global EM scale factor contribution encloses:
– The systematics from the different calibration systems (Cesium, CIS, Laser and
Integrator), the hysteresis effect of the magnetic field, the uncertainty of the radial
depth length and the uncertainty of the EM scale from testbeam. Combining these
contributions in quadrature a value of 0.7% is obtained.
– The cesium calibration was made with the magnetic field off but cosmic ray
muons data has been collected with the magnetic field on. In addition the up-
drift measured by the cesium system must also be considered as a contribution to
the final systematic errors. These two effects result in a value of -1% for the LB
partitions and -0.6% for the EB partitions.
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(a) TMF (b) IDtrack
Figure 5.18: Energy loss per radial layer using (a)the TMF for track reconstruction. The
error bars are the systematics errors fromTable 5.4 and (b) the IDtrack [18].
The results are summarized in Table 5.4 for the runs in the ID-COMM stream. For
these runs there was a corresponding Monte-Carlo simulation and the systematics are also
calculated for the simulated data. For last the same is done for the data and Monte-Carlo
ratio. In Table 5.5 the systematic errors for a run in the RPC data stream are presented. The
combination of the different errors is made by making the quadratic sum of the different
contributions and no correlations are taken into account. However this is a conservative
approach that results in an overestimation of the errors.
Results
The energy loss per radial layer results are summarized in Table 5.6 and Table 5.7. The values
are the 1% truncated average of the dE/dx distribution. The errors are the systematic errors
calculated as explained in the above section.
In Table 5.6 are presented the results for the ID-COMM stream. This is the same cosmic
ray muons data used in the readiness paper [18] using a method referenced as ID-track that
requires cosmic ray muons with a reconstructed track by the inner detector. So a direct
comparison is possible between the two methodologies. In Figure 5.18(a) the main results are
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Long Barrel Extended Barrel
A BC D A BC D
TOP/BOTTOM
Data ± 0.000 ± 0.005 ± 0.013 ± 0.016 ± 0.010 ± 0.008
MC ± 0.016 ± 0.009 ± 0.023 ± 0.026 ± 0.010 ± 0.004
Data/MC ± 0.012 ± 0.011 ± 0.007 ± 0.007 ± 0.016 ± 0.003
Z
Data ± 0.000 ± 0.000 ± 0.000 ± 0.002 ± 0.003 ± 0.002
MC ± 0.001 ± 0.007 ± 0.015 ± 0.002 ± 0.007 ± 0.006
Data/MC ± 0.001 ± 0.006 ± 0.012 ± 0.003 ± 0.007 ± 0.006
X
Data ± 0.001 ± 0.001 ± 0.000 ± 0.001 ± 0.000 ± 0.000
MC ± 0.002 ± 0.007 ± 0.015 ± 0.003 ± 0.007 ± 0.006
Data/MC ± 0.001 ± 0.006 ± 0.012 ± 0.001 ± 0.006 ± 0.005
Truncation
Data ± 0.066 ± 0.047 ± 0.054 ± 0.070 ± 0.045 ± 0.048
MC ± 0.051 ± 0.032 ± 0.041 ± 0.048 ± 0.039 ± 0.037
Data/MC ± 0.010 ± 0.011 ± 0.018 ± 0.017 ± 0.006 ± 0.012
Time diff.
Data ± 0.002 ± 0.007 ± 0.002 ± 0.018 ± 0.015 ± 0.006
MC ± 0.006 ± 0.010 ± 0.016 ± 0.008 ± 0.011 ± 0.008
Data/MC ± 0.003 ± 0.006 ± 0.012 ± 0.007 ± 0.009 ± 0.005
Energy
Data ± 0.013 ± 0.004 ± 0.029 ± 0.048 ± 0.028 ± 0.035
MC ± 0.025 ± 0.011 ± 0.040 ± 0.110 ± 0.039 ± 0.057
Data/MC ± 0.009 ± 0.006 ± 0.012 ± 0.040 ± 0.012 ± 0.016
Theta
Data ± 0.003 ± 0.002 ± 0.000 ± 0.000 ± 0.000 ± 0.000
MC ± 0.005 ± 0.008 ± 0.016 ± 0.002 ± 0.007 ± 0.006
Data/MC ± 0.002 ± 0.006 ± 0.013 ± 0.003 ± 0.006 ± 0.006
Path
Data ± 0.054 ± 0.015 ± 0.020 ± 0.016 ± 0.007 ± 0.075
MC ± 0.058 ± 0.035 ± 0.031 ± 0.036 ± 0.007 ± 0.039
Data/MC ± 0.009 ± 0.039 ± 0.018 ± 0.028 ± 0.028 ± 0.051
Momentum
Data ± 0.015 ± 0.104 ± 0.095 ± 0.031 ± 0.093 ± 0.042
MC ± 0.017 ± 0.073 ± 0.068 ± 0.023 ± 0.062 ± 0.059
Data/MC ± 0.004 ± 0.024 ± 0.016 ± 0.014 ± 0.051 ± 0.036
5 runs
Data ± 0.008 ± 0.011 ± 0.012 ± 0.024 ± 0.028 ± 0.024
MC — — — — — —
Data/MC ± 0.006 ± 0.009 ± 0.009 ± 0.018 ± 0.021 ± 0.018
Global EM scale factor
Data
+0.005 +0.005 +0.005 +0.000 +0.000 +0.000
-0.013 -0.013 -0.014 -0.008 -0.008 -0.008
MC — — — — — —
Data/MC ratio
+0.004 +0.004 +0.004 +0.000 +0.000 +0.000
-0.010 -0.010 -0.010 -0.006 -0.006 -0.006
TOTAL
Data
+0.088 ± 0.117 +0.116 ± 0.098 ± 0.012 ± 0.107
-0.089 -0.117
MC ± 0.084 ± 0.090 ± 0.102 ± 0.130 ± 0.085 ± 0.098
Data/MC ratio
+0.022 ± 0.052 +0.043 ± 0.058 +0.066 ± 0.096
-0.024 -0.044 -0.067
Table 5.4: Systematic error for the energy loss measurement using data from the ID-
COMM physics stream. The total error is the quadratic sum of the different
contributions. The Global EM scale factor is the one included in the Tile
Calorimeter readiness paper for collisions [18]
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Long Barrel Extended Barrel
A BC D A BC D
TOP/BOTTOM ± 0.035 ± 0.018 ± 0.020 ± 0.008 ± 0.020 ± 0.014
Z ± 0.000 ± 0.000 ± 0.000 ± 0.000 ± 0.000 ± 0.000
X ± 0.000 ± 0.000 ± 0.000 ± 0.000 ± 0.000 ± 0.000
Truncation ± 0.053 ± 0.039 ± 0.046 ± 0.082 ± 0.053 ± 0.040
Time diff. ± 0.004 ± 0.006 ± 0.004 ± 0.006 ± 0.006 ± 0.003
Energy ± 0.001 ± 0.005 ± 0.023 ± 0.046 ± 0.020 ± 0.037
Theta ± 0.005 ± 0.003 ± 0.005 ± 0.008 ± 0.006 ± 0.002
Path ± 0.067 ± 0.062 ± 0.058 ± 0.088 ± 0.020 ± 0.127
Momentum ± 0.013 ± 0.054 ± 0.035 ± 0.029 ± 0.042 ± 0.055
Global EM scale factor
+0.005 +0.005 +0.005 +0.000 +0.000 +0.000
-0.013 -0.013 -0.014 -0.008 -0.008 -0.008
TOTAL
+ 0.094 + 0.094 + 0.088 + 0.133 +0.076 + 0.150
- 0.095 - 0.094 - 0.088 - 0.133 -0.077 - 0.150
Table 5.5: Systematic error for the energy loss measurement using data from the
RPC data stream. The total error is the quadratic sum of the different
contributions. The Global EM scale factor is the one included in the Tile
Calorimeter readiness paper for collisions [18]
Radial layer A BC D
ID-COMM,LB
Data 1.35 ± 0.09 1.35 ± 0.12 1.39 ± 0.12
MC 1.32 ± 0.08 1.31 ± 0.09 1.33 ± 0.10
Data/MC 1.02 ± 0.02 1.03 ± 0.05 1.05 ± 0.04
ID-COMM,EB
Data 1.29 ± 0.10 1.31 ± 0.11 1.31 ± 0.11
MC 1.33 ± 0.13 1.30 ± 0.09 1.32 ± 0.10
Data/MC 0.97 ± 0.06 1.01 ± 0.07 0.99 ± 0.10
TB, LB
Data 1.25 ± 0.03 1.39 ± 0.04 1.39 ± 0.03
MC 1.30 ± 0.02 1.30 ± 0.03 1.36 ± 0.02
Data/MC 0.96 ± 0.02 1.02 ± 0.04 1.02 ± 0.02
Double ratio ID-COMM 1.06 ± 0.03 1.01 ± 0.07 1.03 ± 0.05
Table 5.6: Energy loss 1% truncated mean [MeV/mm] for ID-COMM. The errors are
systematic uncertainties from Table 5.4. Results from 2000-2003 testbeam
for 11-20 GeV/c muon spectra. The double ratio divided Data/MC from
cosmics with Data/MC from testbeam (Eq. 5.2).
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summarized. From the table it is shown that for the LB the energy loss is equal for the A and
BC layer, and higher by 0.04 MeV/mm for the D layer. For the Monte Carlo all three radial
layers have an equal performance and the results from the ratio of data andMonte Carlo show
that the agreement is better that 3% for the A and BC layer but larger for the D layer with a
value of 5%. The systematics are typically of the order of 0.10MeV/mm. For the EB the results
of the energy loss per radial layer are measured to be smaller, with the radial layer A smaller
in 0.03 MeV/mm that the other two layers. The Monte-Carlo agreement is 3% for the A layer
and 1% for the BC and D layer. The order of magnitude of the systematics is the same. This
leads to a conclusion that within the measured systematic errors the response for data is well
reproduced by the Monte-Carlo.
From the ID-track analysis (Figure 5.18(b)) a difference between radial layer A and D of
the order of 5% is measured for EB and LB partition. In the TMF analysis a smaller difference
of only 3% is measured, however the systematic errors are twice the ones in the ID-track and
these two results can be considered compatible.
The results from cosmic ray muons are also compared with the testbeam measurements
with muons produced in the decay of 20 GeV pions. The muons had a spectra of 11-20 Gev/c
and peaking at 17 GeV/c coming from the decay of 20 GeV pions. To compare the two
experimental quantities their will be systematics associated with the setup and used spectra.






















This quantity checks if the energy scale transport from the testbeam was done successfully.
The results show that the energy scale in the Tile Calorimeter installed in the experimental
cavern and the modules measured in testbeam the agreement is better than 6%.
In Table 5.7 are the results per layer using the RPC data stream. The agreement of the two
data streams is of the order of 1% for the three radial layers of the LB partition. The systematic
errors are larger being nowof the order of 0.14MeV/mm. For the EB the disagreement between
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Radial layer A BC D
RPC, LB 1.33 ± 0.09 1.34 ± 0.09 1.38 ± 0.09
RPC, EB 1.43 ± 0.13 1.39 ± 0.08 1.42 ± 0.15
ID/RPC, LB 1.01 ± 0.14 1.01 ± 0.16 1.01 ± 0.16
ID/RPC, EB 0.90 ± 0.18 0.94 ± 0.15 0.92 ± 0.20
Table 5.7: Truncated mean and the systematic uncertainties [MeV/mm] for RPC data
stream.
the two streams is larger, of the order of 10% for the A layer, 6% for the BC layer and 8% for
the D layer. However in the EB results the difference between layers is still small and of the
order of 4%.
Concluding, the TMF method has systematic errors that typically duplicate the ones for
ID-track. However and even so the overall results confirm that the EM energy scale has been
reproduced within 6%. The result of discrepancy between the D and A layer provides an
independent confirmation of a significant result, that could be related with problems in the
inter-calibration procedure. This should be checked in collisions data in future work.
5.8 Azimuthal energy response
Themain advantage of the TMF is that the reconstruction only depends on the Tile Calorimeter
signal and for that reason this method is more adequate to access the full coverage in φ.
The ID-track method provides only a partial coverage which is due to the requirement of a
reconstructed track in the inner detector. When separating the data among many φ slices, it is
necessary to ensure that each slice has enough statistics to provide ameaningfulmeasurement
of the 1% truncated mean. So a requirements of at least 100 events is placed on each slice.
Figure 5.19 shows the φ uniformity using the ID-COMM stream and calculating the
energy loss per module (slice in φ) using the TMF algorithm. The top of these figures shows
the normalized energy loss the bottom part its ratio with Monte Carlo. The results show that
there are some biases in the method that cancel when comparing with simulated data. So the
φ uniformity in this analysis is limited by these systematics. It is also evident that although
the uniformity for energy loss results are within a window of ± 5%, and that the uniformity
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Figure 5.19: Energy loss for the radial layer A using ID-COMM stream data and ratio
with Monte-Carlo simulated data.
Data stream Layer # modules < > ± rms
[MeV/mm]
A 64 (100%) 1.30±0.05
RPC BC 50 (78%) 1.26±0.06
D 40 (62%) 1.33±0.06
A 49 (76%) 1.32±0.04
ID-COMM BC 47 (73%) 1.30±0.04
D 46 (72%) 1.38±0.05
Table 5.8: Long barrel uniformity results for the RPC data stream and the ID-COMM
stream.
of the data/MC ratio is considerably better, the coverage in φ is incomplete.
So two factors contribute to a limited coverage in φ: the algorithm as is the case of the
IDtrack and the physics stream. In order to achieve a full coverage in the uniformity study,
the RPC data stream is used.
In Figure 5.20 the uniformity results are presented for the three radial layers for the
LB partitions. The results from the LBA and LBC partitions are combined to improve
statistics. For all radial layers the data points are within the ± 5%window. The corresponding
histograms are in Figure 5.21 for data. The values entering the histogram are weighted with
the statistics of each φ slice. The numbers are all collected in Table 5.8.
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(a) Radial layer A
























(b) Radial layer BC
























(c) Radial layer D
Figure 5.20: Uniformity in φ of the energy loss for the three radial layers of LB. The
results combine the two LB partitions LBA and LBC. This option is to
compensate for low statistics. The ratio of data points with Monte-Carlo
are also given for each radial layer. The Monte-Carlo, as mentioned
before, only uses the TRT volume which explains that not all data points
have a correspondent data/MC value.
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dE/dx (data) [MeV/mm]






































# Modules =  40
Mean = 1.329
RMS = 0.061
(a) RPC data stream
dE/dx (data) [MeV/mm]








































Figure 5.21: Weighted average module energy loss for each radial layer of the LB. The
results combine the two LB partitions LBA and LBC. This option is to
compensate for low statistics. The results for the two physic stream are
presented for comparison.
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Data stream Layer # modules < > ± rms
[MeV/mm]
A 60 (94%) 1.35±0.05
RPC BC 47 (73%) 1.29±0.06
D 40 (62%) 1.32±0.07
A 18 (28%) 1.19±0.05
ID-COMM BC 23 (36%) 1.24±0.06
D 27 (42%) 1.22±0.05
Table 5.9: Extended barrel uniformity results for the RPC data stream and the ID-
COMM stream.
For the RPC data stream each radial layer the rms/mean are calculated giving 0.035, 0.045
and 0.045 for the radial layer A, BC and D respectively. A uniformity that is better that 5% is
measured for the RPC data stream. For the ID-COMM stream the corresponding rms/mean
values are 0.026, 0.034 and 0.036 for the radial A, BC and D layers respectively. For the ID-
COMM stream the uniformity is better than 4%. Only for layer A the population is larger for
the RPC data stream, for the other two radial layers ID-COMM is able to pair or overcome in
population.
For the EB partitions the results are in Figure 5.22. As before EBA and EBC results are
combined. All radial layers the data points are set within the ±5%. The histograms are in
Figure 5.23 and numbers are collected in Table 5.9. For the RPC data stream each radial layer
the rms/mean ratios are calculated giving 0.034, 0.045 and 0.051 for the A, BC and D layers
respectively. A uniformity that is better that 5% is measured for the RPC data stream data
stream. For the ID-COMM stream the corresponding rms/mean values are 0.044, 0.047 and
0.037 for theA, BC andD layers respectively. For the ID-COMMstream the uniformity is again
better than 5%. For the extended barrel partitions is in fact clear that the larger population is
achieved when using the RPC data stream.
Concluding the uniformity is φ measured with the TMF algorithm is better than 5%.
This is within the detector requirements where a 10% uniformity is required [15].
129
5 Certification of the energy scale with cosmic ray muons
























(a) Radial layer A
























(b) Radial layer BC
























(c) Radial layer D
Figure 5.22: Uniformity in φ of the energy loss for the three radial layers of EB. The
results combine the two EB partitions EBA and EBC. This option is to
compensate for low statistics. The ratio of data points with Monte-Carlo
are also given for each radial layer. The Monte-Carlo, as mentioned
before, only uses the TRT volume which explains that not all data points
have a correspondent data/MC value.
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dE/dx (data) [MeV/mm]






































# Modules =  40
Mean = 1.322
RMS = 0.068
(a) RPC data stream
dE/dx (data) [MeV/mm]











































Figure 5.23: Weighted average module energy loss for each radial layer of the EB. The
results combine the two EB partitions EBA and EBC. This option is to
compensate for low statistics. The results for the two physic stream are
presented for comparison.
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6 Synchronization of the ATLAS Tile
Calorimeter with cosmic ray muons
6.1 TileCal Time Calibration
Laser system and timing
The laser system main purpose was described in Section 2.2.2. It has been used also to
monitor the Tile Calorimeter time response and produce calibration constants to synchronize
all channels. This procedure requires the usage of a high amplitude pulse in order to take
advantage of the higher time resolution but at the same time the amplitude should avoid
saturation that tends to distort the signal shape and deteriorate the time response [29].
The Tile Calorimeter channels synchronization is achieved in three stages: Intra-module
calibration, Inter-module calibration and Inter-partition calibration.
The distribution of the 40 MHz sampling clock along a Tile Calorimeter module can
arrive at different times to the different digitizers of a module (to each digitizer of a module
are connected up to 6 photomultipliers). The corrections of these phases between and within
digitizers is what is called the Intra-module calibration. This signal is distributed to the
different modules through TTC fibers that have different lengths producing a time delay
between the different modules. Differences of the order of 40 ns were measured in the early
phase of the commissioning [29]. To these correction is called Inter-module calibration.
Finally a global time shift should also be observed between partitions due to the different TTC
fibers distribution and the correction of these shifts is the Inter-partition calibration.
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Contributions from hardware to the Tile Calorimeter timing
The hardware components that can contribute to the channels time offsets are separated in
three groups. In the first group are the contributions not corrected with the laser system, in
the second group the contributions that are corrected by the laser system and in the third
group the ones introduced by the laser system.
Not corrected with the laser system:
– Propagation time in Tile Calorimeter optics
This results from the difference of lengths of WLS fibers that read-out the
scintillating tiles and transport the light signal from cells to PMTs. The fiber lengths
varies between 73 cm and 232 cm [12] [14] [13]. The light guides are all of the same
size and the differences in length of the scintillating tile is small when compared
with the length of theWLS fibers. So, the contribution of scintillating tiles and light
guides may be neglected when compared with the one fromWLS optical fibers.
– Particle’s Time of flight
The time of flight of particles to different regions of the calorimeter must be
corrected for during the LHC data taking. This requirement is a consequence
of the restriction to a single iteration of the optimal filter algorithm during LHC
data taking. During the LHC operation there is an unique time reference that is
the proton bunches crossing time at the interaction point (IP). All channels have a
time of flight correction setting the time of all channels to zero for particles coming
from the interaction point and travelling with a velocity close to the speed of light.
Corrected with the laser system:
– Distribution of TTC signals to modules
The TTC fibers lengths need to be of different sizes due to the dimensions of the
detector and length differences up to 40 m are necessary. These were verified
experimentally and main results were presented in Chapter 4. The resulting
time differences must be taken into account and corrected to avoid delays in the
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distribution of the 40 MHz clock and L1A signals.
– Distribution of TTC signals inside a module
The TTC signals arriving to each module are distributed to the different digitizers
in a drawer. These signals enter each drawer through a Drawer Interface Card and
have to travel a path that can go up to ∼ 1.5 m resulting in differences on the arrival
of TTC signals to the different digitizers in a module.
– Propagation of the electric signal
A difference of time between low gain (LG) and high gain (HG) signals of the order
of 2 ns with a σLG+HG = 0.38 nswas measured. This time difference should be taken
in account when comparing HG and LG measurements.
Introduced by the laser system
– Distribution of the laser signal by clear fibers
The clear fibers lengths and velocity of propagation of light must be known with
an accuracy that does not compromise PMT’s time delays measurements and
corresponding calibration. These are sources of systematic uncertainties in the
laser synchronization.
Correction of the channel time
The time calibration canbe achievedusing the laser system. This is done in three stages: within
modules, between modules and between partitions. It makes use of the Tile Calorimeter
internal clock delays either in the digitizers ADCs, for fine tuning in units of 104 ps, or in
the TileDMUs, for coarse tuning in units of 25 ns. This allows us to implement the needed
hardware corrections for the time calibration of front-end electronics (FEE) digitizers within
modules, between modules and partitions [29]. These corrections produce a time calibration
between digitizers which can hold up to 6 PMTs. To calibrate the individual PMTs the
calculation of residuals is mandatory. The residuals are the time offsets for each PMT that
cannot be corrected by adjusting hardware settings. These are calculated applying for each
135
6 Synchronization of the ATLAS Tile Calorimeter with cosmic ray muons


















































The units of fine tuning are given by the integer part of the digitizer time after




















are introduced in a calibration database and applied during
the event reconstruction.
6.2 Measurement of the effective speed of light in the laser fibers
The characteristics of the optical fibers used to distribute the laser signal to the different
photomultipliers – laser fibers – must be taken in account when doing the time intra-
calibration of the Tile Calorimeter. In Table 6.1 and Table 6.2 the laser fibers lengths, for
1 The integer part of a number is usually expressed by incomplete brackets like ⌊x⌋ = max { n ∈ Z | n ≤ x }
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each photomultiplier and digitizer are given [48]. In the third column in this table shows the
time corrections that compensate the clear fibers length differences and are one of the elements
necessary to synchronize a super-drawer. These time corrections are made relatively to the




( j) = δTvc f ( j)−δTvc f (1) =












( j) is the time correction for channel j using a speed of light of vc f .
Lcf(j) is the length of the clear fiber connected to channel j.
vcf is the speed of light in clear fibers.
The name for vc f , speed of light, is used for simplicity. The average speed of the light in the
fiber body is determined by other factors besides its refraction index. The path, depending
if the fibers follow a straight path or a curved path, and dimensions, radius and length, or
even defects in the fiber also have a contribution simply because of the increase in the number
of reflections necessary for the light to travel across the fiber length. From the analysis with
the single beam data it was observed that in each partition the synchronization with the laser
system was achieved within 2 ns. This included a residual slope that is visible when plotting
the time as function of z. An hypothesis was that the slope resulted from using a wrong speed
of light in the laser calibration. The used value was vc f = 22.5 cm ns
−1 that had been obtained
from rough estimates from the laser data itself.
6.2.1 Single beam measurements
Before exploring the hypothesis, just enunciated, it is necessary to say more about the
measurements with the single beam. The single beam refers to muons produced by a LHC
beam colliding in a collimator, and this was presented earlier in Section 4.5 and here only the
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Time
PMT Length Correction Digitizer
[cm] [ns]
1 2 167.1 0
#13 4 178.7 0.52
5 6 190.3 1.03
7 8 201.9 1.55
#29 10 213.5 2.06
11 12 225.1 2.58
13 14 236.7 3.09
#315 16 248.3 3.61
17 18 259.9 4.12
19 20 271.5 4.64
#421 22 283.1 5.16
23 24 294.7 5.67
25 26 201.9 1.55
#527 28 213.5 2.06
29 30 225.1 2.58
31 - 236.7 3.09
#6- 34 248.3 3.61
35 36 259.9 4.12
37 38 271.5 4.64
#739 40 283.1 5.16
41 42 294.7 5.67
43 - 306.3 6.19
#845 46 317.9 6.70
47 48 329.6 7.22
Table 6.1: Clear fiber lengths for each photomultipliers of the Tile Calorimeter long
barrel and corresponding relative time corrections.
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Time
PMT Length Correction Digitizer
[cm] [ns]
1 2 51.1 0
#13 4 62.7 0.52
5 6 74.3 1.03
7 8 85.9 1.55
#29 10 97.5 2.06
11 12 109.1 2.58
13 14 120.7 3.09
#315 16 132.3 3.61
17 18 143.9 4.12
21 22 167.1 5.16
#423 24 178.7 5.64
29 30 213.5 7.21
#633 34 236.7 8.25
37 38 271.5 9.28
#741 42 283.1 10.31
43 44 294.7 10.83
Table 6.2: Clear fiber lengths for each photomultipliers of the Tile Calorimeter
extended barrel and corresponding relative time corrections.
details related with the analysis are presented. From the 2008 single beam data a selection of
events was made, requiring events with a total energy per event below 500 GeV in order to
avoid the events with very high multiplicity and a minimum energy per cell of 300 MeV. The
average time measured for cells with the same z coordinate i.e. the average over 64 modules
is referred in the following as the cell time. The measured cell time using single beam data
is presented in Figure 6.1(a). The plot on the left represents the effective time i.e. the cell
time obtained from the reconstruction of the physics signal. The collimator where the proton
beam collided or scraped is located 140 m of the interaction point. The Tile Calorimeter has
approximately ∼ 12m in length (along z). For a particle travelling with a speed c there are cell
time measurements that can differ up to ∼ 40 ns. The length of the four partitions is roughly
the same and of the order of 3 meters which results in time differences inside each partition
up to 10 ns only due to the particles time of flight. This is confirmed by the measurements in
this figure, where for each partition a difference of 10 ns is measured. Introducing the time of
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(a) Time of Tile Calorimeter cells (b) Time of Tile Calorimeter cells with time of flight
correction
Figure 6.1: Tile Calorimeter cells time measured with single beam 2008 data against
the cell coordinate z: (a) Time measured showing slopes that result from
the different distances to the collimator (b) Correcting for the time of flight
of muons crossing the different calorimeter cells.
flight correction the cell time Tvc f ( j,k) is obtained:
Tvc f ( j,k) =








• The first term is the average time between the two photomultipliers j and k that read a
cell.
• The second term represents the time of flight (ToF) of the particle hitting the cell.
This is applied to all cells and results are presented in Figure 6.1(b), where It is seen that two
partitions are equalized between themselves: EBC and LBA. For the other two an offset as
large as 10 ns is measured. This was something expected since no inter-partition calibration
was applied at that time (October 2008). Each partition is also characterized by a small residual
slope.
The observed residual slopes in each partition have the following characteristics:
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• A positive slope for the C-side i.e. z < 0.
• A negative slope for the A-side i.e. z < 0.
• The three radial layers have different radial positions in the detector. If the time of flight
offset introduced above was not correct, then three lines with an offset between them
should be seen for each partition, and an angular correction on the cell position would
be necessary. This is not the case since the distance from the collimator to the tile cells
is much larger than the height of a Tile Calorimeter module. The implemented time of
flight correction is then precise enough.
The difference in slopes signal is an indication that in fact the origin of this slope can result
from using a wrong velocity vc f t in the laser synchronization. The laser signal is inserted for
every module in the center of the long barrel and in the inner side of the extended barrels,
and the systematic effect due to the distance travelled by the injected laser pulse should have
this slope asymmetry.
6.2.2 Influence of vc f in the synchronization of Tile Calorimeter cells
To test the hypothesis the natural procedure is to change the parameter vc f and measure how
the slope dt/dz is modified. In the measured time Tcell(i) this correction is already built in for
each PMT:
Tvc f ( j) = T( j)+δTvc f ( j)




δTvc f ( j,k) =
δTvc f ( j)+δTvc f (k)
2
Finally, the contribution on time for different values of vc f is given by:
Tprobe( j,k) = Tnominal( j,k)−δTnominal( j,k)+δTprobe( j,k)
where
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Figure 6.2: The cell time against the z coordinate of each cell for different values of vc f .
T( j,k) The cell readout by photomultipliers j and k.
δT( j,k) The time difference between the two channels j and k of a cell.
The nominal means that a value vc f = 22.5 cm/ns is used and probe means that a velocity
different from nominal is used to test the hypothesis. In Figure 6.2 the tests done using four
different values for vc f
18.0, 20.0, 22.5 and 27.0 cm/ns
show that the variation of vc f results on a variation of the slope dt/dz. This result confirms
what was previously enunciated: for lower values of vc f a smaller slope is obtained, and this
is true all the four partitions. Since a fiber length is associated to a cell with coordinate z,
these time measurements can be presented in a way which directly relates the three physical
quantities that are the core of this analysis:
• The clear fibers length.
• The time measured for a given cell.
• The speed of light in the clear fibers vc f .
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Figure 6.3: The cell time against the clear fiber length for different values of vc f .
In Figure 6.3 the cell time is plotted against the clear fiber lengths for different values of vc f . As
before and as expected the same behaviour is observed, for a lower value of vc f the difference
between the cells time for the different clear fiber lengths is smaller i.e. the slope dt/dL is
smaller.
The next step is to determine the vc f value that for each partition results in a slope equal
to zero. In the above figures it is seen that this optimum value must differ among partitions.
Once more this shows that the speed that is measured is an effective speed that depends on
the path length the light travels before reaching each cell. So a more detailed analysis using a
larger number of velocities is made. The fine scan is done both for the dt/dz slope and dt/dL
slope and the results are shown in Figure 6.4. For each approach in Figure 6.4 the values of vc f
for which the slope is equal to zero are between 17.1 cm/ns and 19.1 cm/ns as seen in Table 6.3.
in Table 6.3.
From the above results it can be concluded that the two approaches are compatiblewithin
0.1 cm/ns for EBC, LBA and EBA and 1.5 cm/ns for LBC. For the average the agreement of the
order of 0.3 cm/ns. Globally it can be stated that the speed of light in the laser fibers as used
in the laser calibration is overestimated in approximately 4 cm/ns and that the hypothesis
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Figure 6.4: A fine scan on vc f : (LEFT) The slope dt/dz vs vc f (RIGHT) the slope dt/dL
vs vc f .








Table 6.3: Speed of light in clear fibers in the four Tile Calorimeter partitions.
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introduced in the beginning indeed solves the time residual lack of synchronization observed
in the single beam measurements.
6.2.3 Systematics errors
In the measurement described in the above lines two sources of systematic errors are evident:
distance between the collimator (σdistance) and the Tile Calorimeter cell and the length of the
clear fibers (σlength).
Distance between the collimator and the Tile Calorimeter cell
The distance from the collimator should be different depending on the cell position in the Tile
Calorimeter volume. The height of the tile calorimeter is 1500 mm and the distance of the
collimator to the interaction point is 140000 mm. The difference between these two quantities









dcollimator is the distance from the collimator to the ATLAS interaction point;







is the distance to the z-axis of the cell geometric center.
The tile calorimeter height (rout − rin) and length are used to measure the maximum error
introduced by the methodology described above. For this extreme case it is dcollimator =
146000 mm and dcell = 1500 mm. The value dcollimator for the distance to the cell corresponds to
a time-of-flight of 487.02 ns. Using the above equation where the position of the cell in the
detector volume is considered a time-of-flight of 487.04 ns is obtained. A 0.02 ns difference
between the two approaches is obtained.
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dt/dL = 0







Table 6.4: Speed of light in clear fibers in the four Tile Calorimeter partitions.
Recalculating the speed of light in the clear fibers as above, but using the new calculated
length, it is verified that the impact of this systematic error is smaller than 0.1 cm/ns which is
considered to be negligible.
Length of clear fibers
In order to study the effect of the uncertainty of the clear fibers length a randomoffset obtained
from a gaussian distribution with a mean of 0 ns and a σ of 10 ns is applied to each clear fiber
(10 ns would result from a difference of 2 m in the fiber length which is larger than what is
expected). The procedure above was repeated to obtain the speed of light in the clear fibers
per Tile Calorimeter partition and the results are summarized in Table 6.4. The comparison
of the averages in Table 6.3 and Table 6.4 show a difference of 0.2 cm/ns.
Combining the errors
The final error in the measurement of vc f is calculated by summing in quadrature the σlength =
0.2 cm/ns and the maximum difference vc f between partitions that is 1.4 ns, see Table 6.3. The
final result for the measurement including systematic errors is:
vc f = 18.6±1.4 cm/ns
The result is consistent with values measured earlier using testbeam data [48]. As a follow
up of this analysis and other measurements made using the laser system, measuring values
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lower than 22.5 cm/ns, it was decided to update the value of vc f , and use the value given by
the producer i.e., vc f = 20 cm/ns
6.3 Method for time calibration using cosmic ray muons
The cosmic ray muons were the only high energy particles available for a long period of time
and contrary to the laser they allow to test the full detection chain of the Tile Calorimeter:
from the scintillating tiles to the signal reconstruction.
The method used to obtain the calibration constants or time offsets for each instrumental
unit consists in two steps [49]. First for each event of a cosmic ray muons run it is computed
the time difference between two instrumental units (IU) – a channel, a cell, a tower etc. –
one at the TOP part of the cylinder (φ > 0) and another at the BOTTOM part of the cylinder
(φ < 0). The difference between these two quantities, corrected by the time of flight between
the IU’s and averaged over all events, is compatible with zero if the detector is calibrated and
otherwise different from zero. Combining the measurements from different Tile Calorimeter
IU’s a system of equations is built that has as unknowns the set of time calibration offsets, that
from now on will be referred as time offsets, for that type of IU.
In this and the following sections are used designations that although common, it is
advisable to clarify their usage in the present document. Population refers to the number
of cells or measurements and Efficiency to their percentage relative to a reference number,
verifying conditions detailed in the text. Accuracy is defined as the deviation of the measured
mean from a reference value. If there is a large quantity of measurements the width that
distribution is the Precision. The Sensitivity of a measurement evaluates how the output,
our measurement, is capable to reproduce a change in the input data, the energy and time
measured by the Tile Calorimeter cells. For all quantities that are presented only the statistical
error is presented.
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Instrumental Quantities
unit (IU)
Tower φ, A or C side, |η |
Cell φ, A or C side, |η |, Sampling
Channel φ, A or C side, |η |, Sampling, left/right
Table 6.5: Number of quantities needed to identify an instrumental unit (IU) in Tile
Calorimeter. Depending on the IU choice α and βmust take in account these
set of parameters to identify unambiguously the IU.
6.3.1 Time differences between two instrumental units
The calorimeter is calibrated in time if for any pair of instrumental units, identified by the
greek letters α and β (see Table 6.5), the time difference Tα −Tβ matches the corresponding
time-of-flight (ToF)α
β
of the cosmic ray muon i.e.
∆Tαβ = |Tα−Tβ| − (ToF)αβ ≃ 0 . (6.1)
This is calculated for each selected event and each pair of IUs. In the results presented in the
next sections α is an IU with y > 0 and β an IU with y < 0 although it should be possible to
extend this to a more general analysis where α and β are any two IUs. The measurement is
trigger independent since time difference between two instrumental units, as used in Eq.6.1,
compensates for non-uniformities in trigger latencies. For each IU pair the average of ∆Tα
β




















where n is the number of measurements obtained for each α,β pair. The time of flight of the
cosmic ray muon between two points of the calorimeter is defined by dividing the distance
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Reference position φ > 0 φ < 0
A BC D A BC D
Top of Tower - - - + + +
Center of BC cell - NA + + NA -
Table 6.6: Use of + or − signal in Equation 6.6 depending on the chosen reference
position and the φ coordinate.





where −→r identify the IU in the ATLAS coordinates system (for cell the geometric center of the
cell is used). Themain objective is to calculate the time offsets for cells but preliminary studies
were also done applying this method to towers. In what follows although the explanation
is focused on cells, the differences for an analysis using towers as enunciated. It should be
added that any extension to other IU’s should be straightforward.
For a cell these quantities Tα
cell
are the averaged reconstructed time of the left and right














to the different channels that make a Tile Calorimeter tower. For this reason a time of flight





d(−→rre f (η),−→r ( jpmt))
c
(6.6)
In the case of choosing the top of the tower as reference, should sum for φ < 0 and subtract
for φ > 0 – see Table 6.6 where another case is also presented. A new quantity named Tαtower
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n is the number of channels in a tower;
Ei
channel
the reconstructed energy for a channel;
Ti
channel
the reconstructed time for a channel;





where n is the number of cells in a tower.
The measured time differences < ∆Tα,β > (Equation 6.2) and associated standard
deviations σα
β











with α and β the set of indices necessary to identify the two compared IUs. The tα and tβ are
the time offsets of the α and β IUs, i.e. the unknown variables of the system of equations.
The system of equations has a solution if the number of equations is larger than the number
of IUs and this may limit the application of the method. However thanks to the random
distribution of the incoming cosmic ray muon trajectories a number of IU pairs much larger
than the number of unknowns can be reached. The σα
β
, that expresses the precision of each time
difference measurement, is used as a weight of the time differences as seen in Equation 6.8.
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Cut ID Quantity Symbol Cut
1 Tile Muon Fitter reconstruction – Yes







Tower energy threshold Emintower >= 400MeV
Emaxtower < 20 GeV
3 Time difference of cell channels Tdi f f < 6 ns
4 Number of events per pair of cells Nα,β > 5
5 Standard deviation σα
β
< 5 ns
Table 6.7: Instrumental units selection cuts.
6.3.2 Data selection
Energy and time cuts are used to select the cells for which the ∆Tα
β
is calculated. After
calculating all this values a second selection is done over the averages < ∆Tα
β
>. These cuts
are summarized in Table 6.7.
Individual cells selection
Quality cut An event is accepted if it has a cell with energy above 250 MeV for φ > 0 and
φ < 0, in which case a track is reconstructed using the TileMuonFitter [42] algorithm. This
algorithm is based on the Hough Transform that minimizes the contribution of noisy cells
when reconstructing the track. In practice the selection is done by requiring at least one
identified track using in ROOT:
TileCosmicsHT fitQuality = 1
Cell time and energy Aminimum energy threshold Emin
cell
= 200MeV for a cell is set to reject
noise events. To remove very high energy deposits that can appear due to data corruption,
bremsstrahlung or nuclear interactions, an upper threshold Emax
cell
= 20 GeV is also set. When





= 20 GeV respectively. The time difference between the two readout channels of a
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 Cells pair measurements 









































(b) Projection in the y-axis
Figure 6.5: The selected < ∆Tα
β
>. The individual cells have an energy above 200 MeV
and the time difference between readout channels of a cell is below 6 ns.
The cells pairs were required to have more than 5 measurements and a
standard deviation lower than 5 ns.
cell is required to be below 6 ns. This is a quality cut that contributes to separate the physics
signal from pedestal as described in Ref. [31]. The D0 cells are read-out by a channel in LBA
partition and a channel in the LBC partition, so if a large time offset exists between the two
partitions an increase of the rejection efficiency for these cells is observed. Then for these 64
cells the time difference cut is not applied.
Pair of cells selection
The cells verifying the cuts 1-3 from Table 6.7 can be used to calculate ∆Tα
β
values. The
resulting averages per cell pair < ∆Tα
β
> are selected using cutNo4 which requires the number
of events to be at least 5 and cut No5 which sets a limit to the standard deviation to 5 ns
(Table 6.7). In Figure 6.5 the < ∆Tα
β
> obtained using a set of these cuts can be depicted. It
is seen a distribution that is characterized by offsets different from zero implying that the
detector is not calibrated in time. The different cells pairs are inspected and the selection is
enforced by imposing aminimum number of events for the same pair of cells. As the statistics
increase these cuts can be reinforced e.g. by increasing the limit on the number of events. The
< ∆Tα
β
> remaining after these cuts are used in the system of equations.
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 A Cells













































































Figure 6.6: Number of measurements per cell (x-axis) and module (y-axis) (a) First
radial layer (A cells) (b) Second radial layer (BC cells) (c) Third radial layer
(D cells).
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In Figure 6.6 the number of measurements for each cell are distributed as function of the
cell index and the module number. There are a considerable number of cells that only have
5 measurements. It is seen that the typical population for A cells is below 25 measurements,
with the lowest population for the TOP modules (1-32) in the LBC partition. For BC cells
the region without any measurements corresponds to the C10 cell that is included in the EB’s
second layer. The limits of the LB barrel for this layer, cells BC8 and B9, have very fewmodules
with measurements in more than 5 cells. For the D cells those cells with no measurement are
distributed randomly. It is seen that the LB partitions have more measurements than the EB
partitions. It is also seen a larger population for the BOTTOM modules in the LBC partition
and the TOP modules in the LBA partition. In average ∼ 20 measurements are found for cells
in LB modules and ∼ 7 for cells in EB modules. More statistics would be necessary to achieve
a full, or at least wider, coverage.
6.3.3 Time offsets calculation
In this section the algorithm used to obtain the solutions of the system of equations is
introduced following a discussion on the observed limitations of its application. For last
a presentation and discussion over the technicalities that overcome these limitations is
introduced.
Singular value decomposition (SVD) method [51]
Equation 6.8 can be written as a relation between matrices:
M t = ∆T
where M is a matrix with a dimension k× (m+n), t is the vector of unknowns (time offset for
each IU) with a dimensionm+n and ∆T the vector of measurements with a dimension k. The
solutions of the system of equations are then obtained by applying a method called Singular
Value Decomposition (SVD) as implemented in the ROOT package [50]. The method is based
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on a theorem stating that any matrix M with a dimension m×nwith m ≥ n can be written as:
Mm×n = Um×n Wn×n VTn×n
where
Um×n such as UT U = 1
Wn×n is a diagonal matrix
Vn×n such as VT V = V VT = 1
The properties of matrices resulting from the decomposition enables the following transfor-
mation:
M t = ∆T → UW VT t = ∆T → t = V WT U−1 ∆T
To have an unique solution the matrix must be overdetermined. In this case the SVD method
will calculate the vector of solutions that minimizes ‖M t − ∆T ‖.
The option for using this methodology comes from its capacity to deal with singular
matrices i.e. matrices with null determinant and for which an inverse does not exist. The
matrix M used in the measurement of the cells time offsets is made by setting for each row
(with 4608 columns using as IUs the Tile Calorimeter cells Table 6.8) two values different from
zero, that correspond to the pair of cells as explained in Section 6.3.1. Resulting in a sparse2
matrix that can be close to the condition of singularity. The SVD method is also able to show
a result for the case where the number of rows is smaller than the number of lines. These
characteristics set the SVD method as ideal to obtain the time offsets for the Tile Calorimeter
cells.
Matrix dimension challenges and implementation limitations
In Table 6.8 are detailed the quantities that define the dimensions of the matrix M or the size
of the system of equations. The number of cells for which the time offsets must be calculated
2Most entries equal to zero.
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Number of IUs Number of IU pairs
Towers 2048 1.048.576
Cells 4608 5.308.416
Table 6.8: Maximumnumber of rows – equations – andmaximumnumber of columns
– unknowns. The number of rows corresponds to the number of possible
pairs of cells. The number of columns to the number of cells. In this account
the scintillators readout by the Tile Calorimeter FEE are not included.
define the number of columns of matrix M. The number of cells pairs defines the number of
equations or the number of rows in matrix M.
The selection cuts used in the analysis were already presented in a previous section
and summarized in Table 6.7. In Figure 6.7 the number of selected cells are plotted versus
the cell energy threshold, using two cuts on the number of measurements. To increase
the method efficiency, the energy threshold was lowered down to 200 MeV which is still
reasonable since the typical noise of the calorimeter cell is of the order of 60 MeV. As the
energy thresholdwas decreasing the number of equations increased resulting in the discovery
of limitations in the application of themethod. It has been observed that by changing the cuts,
or equivalently increasing the statistics, the computation requirements necessary to solve the
system of equations exceeded the capacity of the used processing units resulting in memory
allocation problems. Improvements in the algorithm implementation were applied but this
problem remained. In Figure 6.7 for every point for which the number of selected cells is
below 2000 the application of the method worked without problems using a single system of
equations, this is named as ’Single Extraction’ (SE).Howeverwhen the number of cells is larger
than 2000 a solution was not achieved without some modifications on the implementation of
the method. The alternative that was found was to change the problem of solving one system
of equations into the problem of solving a set of systems of equations, that in this case it is
named as ’Multiple Extraction’ (ME).
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Cell Energy Cut (MeV)
















> 5 events & St. Dev. < 5 ns
> 7 events & St. Dev. < 5 ns
Figure 6.7: Number of cells with measured time offsets in function of the set of used
cuts.
Tested solutions
In order to understand the better way to reduce a large problem in a set of smaller problems
different solutions were tested. Although any of the next tested solutions could be valid
for constructing the set of systems of equations the tests showed something different. Three
options were tested and they are ordered in an historical order.
Geometric (GEOM) The new matrices are built based on the geometry of the event:
1. η > 0 cells with η > 0 cells i.e. (A side→ A side);
2. η > 0 cells with η < 0 cells i.e. (A side→ C side);
3. η < 0 cells with η > 0 cells i.e (C side→ A side);
4. η < 0 cells with η < 0 cells i.e (C side→ C side);
Cell Pair ID (CPID) It is necessary to save a cell pair ID in order to sum the contributions
for the same cell pair for different events. The CPID is an integer that unambiguously
identifies a cell pair and the set of four matrices results in a random distribution of cells
pair measurements:
1. CPID divided by 4 has remainder 0 ;
2. CPID divided by 4 has remainder 1 ;
157
6 Synchronization of the ATLAS Tile Calorimeter with cosmic ray muons
3. CPID divided by 4 has remainder 2 ;
4. CPID divided by 4 has remainder 3 ;
Counter (COUN) A counter that distributes evenly and randomly the measurements
by four matrices.
A clear difference exists between the three listing options: GEOM and CPID or COUN. For
the former, each cell can only be included in two lists, as for the latter two each cell can be
include in any of the lists. The utilization of four matrices is an option but not necessarily a
requirement. The ME methodology is comparable to the situation of having a different set of
runs that are used tomake the same kind ofmeasurements, with nomodifications of the setup,
and must be combined to produce a final result. In the end the obtained solutions resulting
from the four systems of equations are combined to produce the final result by calculating a
simple average of the measurements obtained for the same cell.
Discussion
In Tables 6.9, 6.10, 6.11 the summary of the testsmade over the threeME options are presented.
The test starts by calculating:
- the time offsets difference between each list and the result of the combination of the set
of lists.
- the time offsets difference between each list and a reference list.
The reference list is obtained using SE and corresponds to the set of cuts (Ethreshold > 400MeV,
number of measurements > 7 events, Std. Dev < 5 ns). For last the combined list of results is
also compared with the reference list and these results are summarized in Table 6.12.
The first attempt was made using the GEOM separation that is based in Tile Calorimeter
geometry (Table 6.9). Although resulted in precisions (Standard Deviation) below 1.5 ns,
the accuracies (Average) showed values between 1.8 ns and 4.1 ns. The agreement with the
reference list shows even worse results. The comparison the combined list with the reference
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GEOM Combined list Reference list
lists Average Std.Dev. Average Std.Dev.
(ns) (ns) (ns) (ns)
1 1.8 0.7 5.7 1.5
2 3.0 1.4 2.2 1.2
3 3.1 1.2 1.7 0.8
4 4.1 0.6 5.9 1.6
Table 6.9: Comparison of lists of solutions with combined results (left) and reference
results (right) for GEOM lists selection.
CPID Combined list Reference list
lists Average Std.Dev. Average Std.Dev.
(ns) (ns) (ns) (ns)
1 0.6 0.6 1.5 1.1
2 0.7 0.8 1.1 1.7
3 0.6 0.7 1.3 0.9
4 0.8 0.6 1.3 1.6
Table 6.10: Comparison of lists of solutions with combined results (left) and reference
results (right) for CPID lists selection.
list are presented in Table 6.12 confirming these results giving an accuracy of 4.2 ns and a
precision of 2.2 ns. These results were not satisfactory and required a new approach.
A second approach was using the CPID listing. In Table 6.10 the obtained results are
presented. The comparison with the combined list gives an accuracy and a precision both
below 1 ns. When comparing with the reference list worse accuracies and precisions are
shown, but even so they are both below 1.5 ns and 1.7 ns respectively. From the comparison
of the combined list with the reference list an accuracy of 1.3 ns and a precision of 1.3 ns are
obtained (Table 6.12). These results represented a significant improvement relatively to our
first option.
For last a solution based on a simple counter (COUN) distributing evenly the measured
time differences between the different lists. In Table 6.11 the accuracy and precisions for this
case are presented. The comparison with the combined list results in values comparable to
the ones found for the previous case. However from the comparison with the reference list
better results are obtained, showing accuracies better than 1 ns and precision below 1.5 ns.
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COUN Combined list Reference list
lists Average Std.Dev. Average Std.Dev.
(ns) (ns) (ns) (ns)
1 0.6 0.6 0.9 1.0
2 0.7 0.9 0.9 1.3
3 0.7 0.9 1.0 1.5
4 0.7 0.8 0.8 0.8
Table 6.11: Comparison of lists of solutions with combined results (left) and reference






Table 6.12: Agreement of the combined list with reference list.
Comparing the combined results with the reference an accuracy of 0.8 ns and a precision of
1.1 ns are obtained (Table 6.12).
From the above results the preference went upon the CPID lists, because it was possible
to obtain a measurement for 10%more cells andwith a good accuracy and precision relatively
to the reference list. It should be added that it was not identified a reason that justifies why the
COUN and CPID methodologies show a difference in the number of cells with a time offset
result. This is so for the used data, any other data could produce the opposite which could
favor the COUNmethodologies. Differences between these twomethodologies are measured
to be of the order of 1 ns which is quite reasonable showing that any of these two is a good
option to obtain the time offsets of Tile Calorimeter cells.
6.4 Results
In 2006 the Tile Calorimeter was still running even in physics runs in a standalone mode.
There were already some periods in which the LAr electromagnetic calorimeter and the Tile
Calorimeter were included in the data taking at the same run. This was the case in October
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2006 where a few long runs were made with the two calorimeters taking data, but using only
16 modules. The trigger in this period was still dependent on the trigger boards connected
to the Tile Calorimeter towers described in Section 4.2. In this first period towers were used
as the IUs. Approximately 80k events were used from runs 8037, 8035, 8055, 8051, 8077. The
results are presented in Section 6.4.1.
During 2008 an updated version of the algorithm was developed in order to include all
modules for all the four partitions. The conclusion of this development was achieved in two
steps. In a first step the instrumental unit usedwere still towers. After the extension to cells of
the algorithmwas alsomade. In 2008 the trigger usedwas from the L1 trigger and in particular
using the muon spectrometer RPCs. The trigger stream used was CosmicDownwardMuons
that corresponds to cosmic ray muons triggered by the bottom sector. It were used ∼0.5M
events from run 91387 that had already the magnetic field on.
6.4.1 Time offsets for Tile Calorimeter towers
October 2006 data
As already mentioned there were only a few instrumented and fully operational modules:
8 modules in the bottom (y < 0) of LBA partition and 8 modules in the top (y > 0) on LBC
partition. This configuration was chosen since it resulted in an higher statistics. Two of the
modules were not included in the analysis. LBC16 tripped off very early during the data
taking and LBC18 was not powered. In this period there was already laser data3 used in the
intra-module synchronization. This was the right time to measure the timing status using an
independent source such as the cosmic ray muons. In Figure 6.8(a) the measured time offsets,
including already the laser/led constants for the intra-module synchronization, are presented.
The time offsets for each tower in the modules used in the data taking in this period are
presented in Table 6.13. These numbers were afterwords used to correct the time constants in
the Tile Calorimeter database 4. The used runs were reconstructed using now the new time
3An alternative setup was used in this period since the laser system was not fully operational. The
synchronization was done based on a LED (light emitting diode) light source.
4In this period the ATLAS database was not fully working and the constants used in the Tile Calorimeter
synchronizationwere the content of a simple text file thatwas loaded and readduring the events reconstruction.
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TileCal Towers
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(a) Intra-module synchronization
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(b) Inter-module synchronization
Figure 6.8: Tile Calorimeter towers inter-module synchronization done in the early
commissioning using 2006 data (a) Intra-module synchronized using the
laser/led system (b) Inter-module synchronization applied using 2006
cosmic ray muons data.
constants. After applying the method to this newly reconstructed runs the tower time offsets
in the different modules are for most cases closer to zero as can be seen in Figure 6.8(b). In
Table 6.14 the time offsets for each tower are presented. Comparing the two tables a clear
difference is seen. All modules present now values closer to 0 ns except for module LBA49.
The results per module are presented in Figure 6.9. The synchronization between modules
was achieved with an accuracy of ∼ ±1 ns for all the analysed modules except module LBA 49
for which the synchronization did not work out due to some problematic towers in this
module.
October 2008 data
In 2008 the algorithm was updated to its final version including all the Tile Calorimeter
modules. A working algorithm was first achieved using towers as the instrumental unit. In
Figure 6.10 are presented the results for the long barrel partitions LBA and LBC. For each
module is presented the averaged towers time offset, the standard deviation and the number
of towers used in the measurement. It is seen that for most modules almost all the towers
are used and the standard deviation for each module is below 3 ns. The mean values have
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Figure 6.9: Modules average time fromTileCalorimeter inter-module calibration done
in the early commissioning using 2006 data: • intra-module synchronized
using the laser/led system and ⋆ inter-module synchronization applied
using 2006 cosmic ray muons data.
Module t1 t2 t3 t4 t5 t6 t7 t8
[ns] [ns] [ns] [ns] [ns] [ns] [ns] [ns]
LBC13 - 4.5 - 5.3 - 4.9 - 4.9 - 4.8 - 4.2 - 4.5 - 3.8
LBC14 - 3.0 - 3.6 - 3.1 - 3.3 - 3.4 - 2.5 - 2.8 0.0
LBC15 - 1.4 - 1.5 - 1.7 - 1.7 - 2.0 - 1.7 - 1.9 - 1.0
LBC16 — — — — — — — —
LBC17 0.1 0.1 0.1 - 0.2 - 0.3 0.1 - 0.0 0.1
LBC18 — — — — — — — —
LBC19 - 3.3 - 2.9 - 3.3 - 3.2 - 3.4 - 3.8 - 2.9 - 2.9
LBC20 - 7.9 - 7.9 - 7.9 - 8.5 - 7.9 - 7.9 - 8.3 - 8.8
LBA45 2.5 2.5 1.6 3.1 1.5 1.9 0.0 0.0
LBA46 2.4 1.9 1.6 1.1 1.6 2.1 2.7 2.5
LBA47 3.2 4.1 4.1 4.7 2.6 3.9 2.7 3.4
LBA58 2.0 1.6 1.5 1.4 1.5 1.4 1.1 0.9
LBA49 7.2 8.3 7.8 6.6 6.2 5.7 5.6 5.5
LBA50 0.0 1.3 0.6 0.6 0.3 - 0.4 - 0.0 - 0.0
LBA51 2.7 2.9 2.0 1.9 2.4 2.4 1.9 1.8
LBA52 2.9 2.8 2.2 2.6 1.9 2.8 2.6 2.1
Table 6.13: Tower time offsets measured with cosmic ray muons 2006 data. Each
column represents the time offset for a tower in a module. The index 1
refers to tower η = 0.05 and so forth.
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Module t1 t2 t3 t4 t5 t6 t7 t8
[ns] [ns] [ns] [ns] [ns] [ns] [ns] [ns]
LBC13 - 0.5 - 1.5 - 2.0 - 0.9 - 0.8 - 0.4 - 1.0 - 0.5
LBC14 - 0.2 - 1.2 - 1.5 - 2.4 - 1.4 1.1 2.2 0.0
LBC15 0.2 - 0.4 - 1.6 - 2.2 - 0.9 0.2 1.4 - 0.0
LBC16 — — — — — — — —
LBC17 0.1 - 1.1 - 0.2 - 3.9 - 1.3 0.5 1.6 - 0.7
LBC18 — — — — — — — —
LBC19 - 0.9 - 1.0 - 2.5 - 0.4 - 1.1 - 1.0 0.5 - 0.9
LBC20 - 0.3 - 0.9 - 2.6 - 1.6 - 1.4 - 0.5 1.5 - 1.0
LBA45 0.3 - 0.1 - 1.2 - 1.3 - 0.7 - 0.2 0.0 0.0
LBA46 - 0.1 - 0.9 - 0.6 - 2.4 - 0.6 - 0.2 4.4 1.8
LBA47 0.1 - 0.4 0.2 1.8 3.1 1.8 - 0.4 0.8
LBA48 0.4 - 0.9 - 1.2 - 1.3 - 0.9 0.7 1.6 - 0.1
LBA49 - 0.5 0.9 - 0.4 9.9 10.3 10.5 3.3 - 0.7
LBA50 0.0 0.2 - 1.8 0.1 - 0.2 - 0.0 - 0.0 - 0.0
LBA51 0.4 - 0.1 - 1.0 - 1.1 - 0.2 0.9 1.7 0.5
LBA52 0.1 - 0.0 - 1.4 - 1.5 - 0.9 0.9 1.1 - 0.8
Table 6.14: Tower time offsets measured with cosmic ray muons 2006 data after
correcting the time constants using the results from Table 6.13. Each
column represents the time offset for a tower in a module. The index

































































(c) Standard deviation LBA
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Figure 6.10: Tower time offsets for 2008 Cosmic ray muons data: average, standard
deviation and population (number of towers used in obtaining the
statistical quantities).
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All modules
Top and Bottom Top Bottom
EBC - 3.3 (6.7) 1.7 (6.5) - 8.7 (6.8)
LBC 8.9 (4.9) 13.0 (4.5) 5.2 (5.3)
LBA - 3.6 (4.8) - 0.1 (4.3) - 7.1 (5.2)
EBA -13.7 (6.0) - 9.9 (6.4) -17.5 (5.6)
16 modules 12 modules
Top and Bottom Top Bottom Top and Bottom Top Bottom
EBC - 3.3 (2.0) - 1.5 (1.6) - 5.0 (1.2) - 3.2 (1.4) - 1.7 (1.2) - 4.6 (0.8)
LBC 9.9 (2.1) 11.7 (1.0) 8.1 (1.8) 10.1 (1.7) 11.5 (1.0) 8.6 (1.4)
LBA - 2.9 (2.6) - 1.8 (1.7) - 4.0 (2.0) - 2.6 (2.6) - 1.7 (1.8) - 3.4 (1.8)
EBA 13.2 (6.8) -12.0 (6.4) -14.3 (2.2) 12.0 (3.3) -10.4 (2.6) -13.6 (2.1)
Table 6.15: Average and RMS for tower time offsets using 2008 cosmic raymuons data
in the Tile Calorimeter partitions. The 16 most vertical module span from
module 9 to 24 on the top (y > 0) and from module 41 to 56 on the bottom
(y < 0). Results are also shown selecting the 12 most vertical modules.
module in the cylinder. The most vertical modules (close to module 17 and module 48) show
an agreement in the time offset measured per partition. As the module number approaches
the ones closer to the horizontal a systematic offset is observed relatively to the most vertical
modules, positive for top modules and negative for bottom modules. The same observations
are valid for the extended barrel partitions EBC and EBA and the corresponding results can
be seen in Figure 6.11.
In Table 6.15 the time offsets averages per partition are presented. Due to the systematic
effect observed for the horizontal modules (modules 1 to 8, 25 to 40 and 57 to 64) additional
columns excluding these module and including the results from the most vertical modules
are built. Considering all modules in the Tile Calorimeter cylinder the standard deviation is
considerably large of the order of 5-7 ns. This is worsen than the top or bottommodules alone
and it is due to the difference between the top and bottommodulesmeasurements. If modules
closer to the horizontal plane (y=0) are not included the results improve considerably with
standard deviations of the order of 2 ns. The agreement between the average value for the
time offsets in the top and bottom also increases when considering only the most vertical
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Figure 6.11: Tower time offsets for 2008 Cosmic ray muons data: average, standard
deviation and population (number of towers used in obtaining the
statistical quantities).
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16 modules 12 modules
Partition Top Bottom Top Bottom
EBC -0.3 (1.2) -1.6 (1.2) -0.5 (1.3) -1.1 (0.7)
LBC 0.6 (0.9) -1.7 (0.8) 0.3 (0.8) -1.3 (0.5)
LBA -0.7 (2.1) -1.5 (2.2) -0.9 (1.9) -0.7 (1.1)
EBA -0.4 (2.3) -2.3 (2.6) -0.3 (0.8) -2.1 (0.9)
Table 6.16: Time offsets difference between 2008 Single beam data and 2008 Cosmic
ray muons data. The results are summarized per partition using only the
most vertical modules as: mean (RMS).
the differences are of the order of 7 ns. Improvement is also seen when reducing from 16 to
12 most vertical modules, but the effect is already much lower.
To conclude a comparison with beam results in presented in Table 6.16. In this
comparison are only included the most vertical modules in two sets as before: 16 modules
and 12 modules. The obtained agreement is already of the order of 2 ns.
6.4.2 Time offsets for Tile Calorimeter cells
This section is subdivided in four parts. First the time offsets measurements per cell are
presented with the details required for the analysis. A discussion follows. First on the
obtained azimuthal and radial coverage and for last about the measured time offsets [47].
Presentation of time offsets measurements
Figures 6.12 and 6.13 present the time offsets averages, standard deviation and number of
cells per module. These figures are organized in columns for easier comparison: the upper
row presents the average, the mid-row the standard deviation and the lower row the number
of cells for each module in each partition. Guide lines have been introduced in each plot: a
window of 4 ns around the partition average, a 3 ns guide line for the standard deviation and
half of the number of cells in each partition (11 for the LBs and 7 for the EBs).
In Table 6.17 the number of cells is detailed per partition and Tile Calorimeter radial
layers. In parenthesis is given the corresponding efficiency as a percentage for this run. It
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Figure 6.12: Time offsets: average, standard deviation and population (number of
cells used in obtaining the statistical quantities).
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module



























































(c) Standard deviation EBA
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Figure 6.13: Time offsets: average, standard deviation and population (number of
cells used in obtaining the statistical quantities).
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6.4 Results
Partition A Cells BC Cells D Cells Total
EBC 95 (30%) 193 (50%) 123 (64%) 411 (49%)
LBC 265 (41%) 496 (86%) 175 (91%) 936 (49%)
LBA(∗) 285 (44%) 532 (92%) 249 (97%) 1066 (55%)
EBA 127 (40%) 229 (59%) 142 (74%) 498 (60%)
ALL 772 (40%) 1450 (75%) 689 (82%) 2911 (62%)
Table 6.17: Number of cells per partition and cell type for which time offsets were
calculated. The total number of cells existing in the Tile Calorimeter are
1920 for layer A, 1920 for layer B/C and 832 for layer D. The scintillators are
not included in these numbers. (∗) For the D cells of LBA are also included
the 59 D0 cells measured.
radial layer (D Cells). The first radial layer shows comparable efficiencies of the order of 40%
for the 4 partitions. For the present data and sets of cuts it is possible to obtain the time offsets
for 62% of the Tile Calorimeter cells.
From the Figures 6.12 and 6.13 it is seen that the global numbers, either module average
or partition average, are characterized in some cases by high fluctuations that go up to 16 ns
for individual modules. This requires the need of presenting the results with more detail. In
Table 6.18 the results are detailed per radial layer. The D0 cell is placed in a separate column
since it is readout by a channel of the LBA partition and a channel of the LBC partition.
In Figure 6.14 the above results are summarized for each Tile Calorimeter partition. The
corresponding average and standard deviation are in Table 6.19.
Azimuthal and radial distribution of measurements
Table 6.17 shows that ∼ 60% of the cells of the Tile Calorimeter detector can be analysed. The
coverage for this analysis is detailed per module for each partition in Figures 6.12, 6.13. The
plot on the bottom in these figures shows the number of cells per module. All LB modules
show populations (i.e. number of cells) where typically half of the cells in each module (11)
have a measurement. The two EB show smaller populations but still many modules surpass
the limit of half of the number of cells that for EB is 7. A φ dependence is visible which is
characterized by a larger population for the most horizontal modules close to modules 1,32
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A cells
Partition #Cells Average Std.Dev.
(ns) (ns)
EBC 95 -1.4 ± 0.4 3.6 ± 0.3
LBC 265 7.2 ± 0.2 3.7 ± 0.2
LBA 285 -4.0 ± 0.2 2.6 ± 0.1
EBA 127 -1.6 ± 0.5 6.0 ± 0.4
BC cells
Partition #Cells Average Std.Dev.
(ns) (ns)
EBC 193 -2.7 ± 0.2 2.5 ± 0.1
LBC 496 9.3 ± 0.1 1.4 ± 0.0
LBA 532 -2.8 ± 0.1 1.3 ± 0.0
EBA 229 -12.8 ± 0.2 2.5 ± 0.1
D cells
Partition #Cells Average Std.Dev.
(ns) (ns)
EBC 123 -1.4 ± 0.2 2.7 ± 0.2
LBC 175 10.4 ± 0.1 1.6 ± 0.1
LBA 190 -1.9 ± 0.1 1.8 ± 0.1
EBA 142 -11.7 ± 0.2 2.7 ± 0.2
D0 cell




59 4.6 ± 0.1 1.1 ± 0.1
LBA
EBA
Table 6.18: Average time offsets detailed per radial layer.
and 64. It is also observed that for the C side the TOP modules (1-32), from the center to
the left of the figures, have smaller efficiencies than the BOTTOM modules (33-64), from the
center to the right. For the A side the opposite is observed. This is well depicted from the LB
plots. For the EB plots, EBC also verifies this but EBA has high fluctuations that inhibit an
equivalent conclusion in what respects this azimuthal asymmetry. It can be concluded that
the modules populations are in agreement with what was observed in Figure 6.6.
In Figures 6.12, 6.13 the modules with no measurements are easily identified. This is
the case of module 46 in EBA, module 42 in EBC and modules 13 and 17 for LBC. Other
modules present a very small populations like modules EBC 17, 20, 22, and 38 with only one
cell. It can be also added that globally the population is good for the LB, with almost all
modules contributing with more than 50% of the number of cells per module. For the EB






EBC -2.1 ± 0.2 3.3 ± 0.1
LBC 8.9 ± 0.1 2.6 ± 0.1
LBA -3.3 ± 0.1 4.1 ± 0.1
EBA -10.0 ± 0.3 6.9 ± 0.2
Table 6.19: Time offsets measured using cosmic ray muons data for each Tile
Calorimeter partition.
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Figure 6.14: Time offsets measured using cosmic ray muons for each Tile Calorimeter
partition.
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Discussion of time offsets measurements
The obtained time offsets (tcell
cosmics
) have for three of the Tile Calorimeter partitions a well
defined high statistics peak as can be seen in Figure 6.14; the exception is EBA that clearly
shows two peaks well separated. It is also true that all histograms show cells that deviate
from the main peak. For EBC the right tail shows a bump, for LBC the left tail extends and
shows a distribution of cells around 0 ns. The results from these histograms are summarized
in Table 6.19.
The partition averages shows that the cell averaged time calibration offset for EBC and
LBApartitions are c-2.1 ns and -3.3 ns respectively. The LBC partition has a larger and positive
time calibration offset of 8.9 ns. The EBA has also a large but negative time calibration offset
of -10.0 ns. For EBA the standard deviation is of 6.9 ns which is two times larger than the one
observed for EBC and LBC partitions, but the reason is evident from the histogram where a
peak around 0 ns and another close to 10 ns are obtained; for LBA a standard deviation of
4.1 ns is measured. The differences between EBA and LBC partitions that mount up to 19 ns
comes from the fact that for this data the inter-partition calibration was not carried out and
reinforces the need of such a procedure. To identify the origin of the deviations from the main
peak a detailed presentation is useful and given in the following lines. The results for the
standard deviation of each partition per module can also be seen in Figures 6.12, 6.13. For
the EBA partition most of the modules have values of 6 ns, which confirms that the 6 ns from
Table 6.19 is in fact a dominant value and not due to some outliers from a small number of
modules. Typically and for the remaining partitions, the modules standard deviation is of the
order of 3 ns, but with some outliers. The LBA partition has 10 modules above 3 ns and the
EBC has 4 modules in the same conditions. This differences are understood when the data is
detailed per radial layer. This is summarized in Table 6.18. Within each LBA, LBC and EBC
partitions all three layers agree within a interval of ±2 ns. The first layer of EBA is in strong
disagreement with the second and third layers and this justifies the large standard deviation
measured for the modules in this partition. From this table it can still be seen that for all
partitions the first radial layer has the largest standard deviation.
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Table 6.20: Sensitivity on the measurement of a time offset for a BC cell.
The D0 cell is read-out by a PMT in the LBApartition and a PMT in the LBC partition and
for this reason it should be analysed in separate. The average value of 4.6 ns is in agreement
with average values for the LBA and LBC partitions. The efficiency for this cell is 95% that is
comparable with the other D cells of LB partitions as shown in Table 6.17.
From what was presented it is possible to explain better the distributions in Figure 6.14.
For EBA the two peaks are explained from what was already said, the second peak at 0 ns
includes the cells from the first radial layer. The small bump for LBC also close to 0 ns is also
identified with cells of the first radial layer; for this partition and layer an average value of
7 ns, smaller that the one found for the second and third layer, and a standard deviation two
times larger with a value of 3.7 ns, while for the other two layers is below 3 ns, can explain
it. For EBC the bump observed in the right tail are undoubtedly associated with the first 8
modules that are set around a value of 2 ns and shifted from all other modules by ∼ 6 ns as
can be seen on the top right of Figure 6.13. These were modules for which the laser calibration
did not work and these was also a result observed from 2008 single beam analysis as will be
shown later. The other two contributions coming from module 13 and 38 are residual and
come respectively from 2 and 1 cells as can be seen in the same figure.
6.4.3 Sensitivity, accuracy and precision
The measurement of the sensitivity, accuracy and precision is done with two approaches. In
a first approach a fake time offset is added to the time of a single cell using values between
0.5 ns and 5 ns. In Table 6.20 the results obtained for a BC cell of the long barrel are presented.
The results show that this method is sensitive to a fake offset up to 0.5 ns with an accuracy for
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 (ns)nett




















Figure 6.15: Correlation between the applied faked offsets in the vertical axis and
the tnet shows the independence between the applied fake offset and the
retrieved tnet that is used to account for the accuracy and precision of the
method.
such offset of the order of 2%.
In order to have a global account of this quantities a second approach is used. Instead
of a single cell all the available cells are used. The applied fake offsets come from an
uniform random distribution within an interval [−a,a]. The net effect of this procedure in
the measurement of the tcell
cosmics
can be expressed as:
tnet = to− tn+ t f (6.9)
where
tnet is a measurement of the individual accuracy for a particular cell;
to is the offset before applying the fake offset;






















































































tn is the cell time offset obtained in the solution of the system of equations after a fake offset
t f is applied;
The quantity tnet gives the precision and accuracy of the measurement. In Figure 6.15 the
applied fake offsets are comparedwith themeasured quantity tnet. It is seen that themeasured
quantity is independent of the applied fake offset. Even for very small fake offsets tnet is as
sensitive as for larger fake offsets values. It is concluded that the method has a sensitivity
enough to achieve a 1 ns synchronization and problems resulting in poorer accuracies should
come from characteristics of the used data. In Figure 6.16 the results obtained for this quantity
for the four Tile Calorimeter partitions are shown. In Table 6.21 the mean and average for
each partition are presented. In Table 6.22 the results are detailed per radial layer. The results
show that the achievable precision, given by the standard deviation of the distributions, for
a random variation within an interval of 5 ns, is better than 0.4 ns and the corresponding
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Partition #Cells < tnet > Std.Dev.
(ns) (ns)
EBC 411 -0.05 ± 0.02 0.35 ± 0.01
LBC 936 0.04 ± 0.01 0.20 ± 0.00
LBA 1066 0.03 ± 0.01 0.22 ± 0.00
EBA 498 0.12 ± 0.01 0.31 ± 0.01
ALL 2911 0.04 ± 0.00 0.26 ± 0.00
Table 6.21: Accuracy andprecision of the tcell
cosmics
measurement using cosmic raymuons
data per partition.
A cells
Partition #Cells < tnet > Std.Dev.
(ns) (ns)
EBC 95 -0.39 ± 0.06 0.61 ± 0.04
LBC 265 0.05 ± 0.02 0.36 ± 0.02
LBA 285 0.02 ± 0.02 0.39 ± 0.02
EBA 127 0.35 ± 0.05 0.53 ± 0.03
BC cells
Partition #Cells < tnet > Std.Dev.
(ns) (ns)
EBC 193 0.05 ± 0.00 0.05 ± 0.00
LBC 496 0.04 ± 0.00 0.06 ± 0.00
LBA 532 0.05 ± 0.00 0.11 ± 0.00
EBA 229 0.04 ± 0.00 0.04 ± 0.00
D cells
Partition #Cells < tnet > Std.Dev.
(ns) (ns)
EBC 123 0.05 ± 0.01 0.07 ± 0.00
LBC 175 0.01 ± 0.00 0.06 ± 0.00
LBA 249 0.00 ± 0.01 0.09 ± 0.00
EBA 142 0.06 ± 0.01 0.14 ± 0.01
Table 6.22: Accuracy and precision of the tcell
cosmics
measurement detailed per Tile
Calorimeter radial layer and partition.
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Partition #Cells Eff. < tnet > Std.Dev.
(%) (ns) (ns)
EBC 367 89 0.01 ± 0.01 0.13 ± 0.00
LBC 908 97 0.03 ± 0.00 0.12 ± 0.00
LBA 1044 97 0.02 ± 0.00 0.13 ± 0.00
EBA 450 90 0.04 ± 0.01 0.13 ± 0.00
ALL 2769 95 0.03 ± 0.00 0.13 ± 0.00
Table 6.23: Population and precision per partition for an accuracy between [-
0.5,0.5] ns.
accuracy, given by the average of the distributions, is better than 0.2 ns. However these
results are contaminated due to the existence of cells which are out of average. From the
results evaluated per layer it is seen that the first radial layer shows the worst results although
always below 1 ns both for the accuracy and the precision.
In Tables 6.23 the results of this study are presented for tnet ∈ [−0.5,0.5] ns. It is seen that
more than 89% of the cells per partition have tnet ∈ [−0.5,0.5] ns with a precision better that
0.2 ns and an accuracy better than 0.04 ns. From Table 6.24 an interesting feature is observed
in what refers to population. When choosing the mentioned window of accuracy the loss in
population comes almost exclusively from the first radial layer. This was also the radial layer
for which a larger standard deviation was seen for the measured tcell
cosmics
. The most important
message to keep from this section is that the accuracy and precision of the method are better
than 1 ns. A full account on the method precision would require an independent approach.
This could be done by choosing any other run, using a different trigger and possibly away in
time from the one used, and then comparing the time offsets from the two measurements.
6.5 Comparison with beam results
The time offsets were also calculated using the single beam data (SBD) [30] and are now
compared with the numbers obtained from cosmic ray muons data (CMD). To produce this
comparison a time correction and one additional quality cut are implemented. Since the SBD
time offsets are obtained with reference to a specific cell, to produce a direct comparison
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A cells
Partition #Cells Eff. < tnet > Std.Dev.
(%) (ns) (ns)
EBC 51 53 -0.23 ± 0.03 0.19 ± 0.02
LBC 237 89 0.06 ± 0.01 0.22 ± 0.01
LBA 266 93 0.02 ± 0.01 0.24 ± 0.01
EBA 80 62 0.02 ± 0.03 0.29 ± 0.02
BC cells
Partition #Cells Eff. < tnet > Std.Dev.
(%) (ns) (ns)
EBC 193 100 0.05 ± 0.00 0.05 ± 0.00
LBC 496 100 0.03 ± 0.00 0.06 ± 0.00
LBA 530 99 0.03 ± 0.00 0.05 ± 0.00
EBA 229 100 0.04 ± 0.00 0.05 ± 0.00
D cells
Partition #Cells Eff. < tnet > Std.Dev.
(%) (ns) (ns)
EBC 123 100 0.06 ± 0.01 0.07 ± 0.00
LBC 175 100 0.01 ± 0.00 0.06 ± 0.00
LBA 248 99 0.01 ± 0.00 0.07 ± 0.00
EBA 141 99 0.05 ± 0.01 0.07 ± 0.00
Table 6.24: Population and precision per partition and radial layer for an accuracy
between [-0.5,0.5] ns.
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(a) Average offset over: all cells (LEFT) and all cells but cells from first radial layer (RIGHT).
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(b) Std. Dev. of offsets over: all cells (LEFT) and all cells but cells from first radial layer (RIGHT).
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(c) Average offset over: all cells (LEFT) and all cells but cells from first radial layer (RIGHT).
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(d) Std. Dev. of offsets over: all cells (LEFT) and all cells but cells from first radial layer (RIGHT).
Figure 6.17: Long Barrel – Relative accuracy of cosmic ray muons and single beam:
module average and standard deviation. 181
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(a) Average offset over: all cells (LEFT) and all cells but cells from first radial layer (RIGHT).
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(b) Std. Dev. of offsets over: all cells (LEFT) and all cells but cells from first radial layer (RIGHT).
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(c) Average offset over: all cells (LEFT) and all cells but cells from first radial layer (RIGHT).
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(d) Std. Dev. of offsets over: all cells (LEFT) and all cells but cells from first radial layer (RIGHT).
Figure 6.18: Extended Barrel – Relative accuracy of cosmic ray muons and single
beam: module average and standard deviation.182
6.5 Comparison with beam results
Tile Calorimeter Layer Total CMD(1) CMD(2) SBD
A 1920 772 (40%) 453 (24%) 1547 (80%)
BC 1920 1450 (75%) 1268 (66%) 1724 (89%)
D 832 689 (82%) 610 (73%) 568 (68%)
Table 6.25: Number of cells per layer with a time calibration offset measurement. The
CMD data are given for two sets of cuts (1) Number of measurements
of ∆T
β
α ≥ 5 and (2) Number of measurements of ∆Tβα ≥ 7. For both the
standard deviation was required to be below 5 ns. The SBD was filtered
using a 3×σ cut.
between the two measurements, this correction must also be implemented in CMD tcell
cosmics
. In
order to remove residual outliers observed in the SBD a 3σ cut is implemented.
The comparison of these two quantities results in the measurement of relative accuracies
and precisions, since a comparison between two indirectmeasurements ismade. The absolute
accuracies andprecisionswould result from the comparisonwith the laser/LEDmeasurements
made after these runs.
The number of cells per layer are summarized in Table 6.25where for the SBD it is already
taken in account the σ cut mentioned above. The table shows that for CMD the efficiency is
small for A cells. For the other layers the results from CMD shows a much better efficiency
reaching 75% but still below the 89% for CBD and for layer D reaches 82%which is 14% higher




are summarized per partition. These results come from histograms in Figure 6.19. The same
quantity is detailed per radial layers in Table 6.27.
In Table 6.26 it is shown that combining the results of cells from all partitions a ∆cosmics
beam
of -0.61 ns with a standard deviation of 3.71 ns is obtained. This is considered as a relative
accuracy better than 1 ns and a precision better than 4 ns. Separating the results per partition
it is seen that all agree with this statement, exception made for the EBA partition for which an
accuracy of 3.1 ns and a precision of 6.5 ns are obtained.
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Figure 6.19: Difference of time offsets seen in the single beam and cosmic ray muons
data for the Tile second and third radial layers for the four TileCalorimeter
partitions.
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6.5 Comparison with beam results
Partition Cells Average Std.Dev.
(ns) (ns)
EBC 408 -0.34±0.13 2.65±0.09
LBC 929 0.06±0.07 2.27±0.05
LBA 1003 -0.13±0.08 2.61±0.06
EBA 495 -3.07±0.29 6.51±0.21
ALL 2835 -0.61±0.07 3.71±0.05
Table 6.26: Relative accuracy of cosmic ray muons and single beam time offsets
measurements.
6.5.1 Cosmics vs Beam results detailed per radial layers
If the results are detailed per radial layer as in Table 6.27 it is seen that the first radial layer of
EBA cells has a relative accuracy of -10.8 ns and a precision of 6.6 ns which is not satisfactory.
The remaining two radial layers show relative accuracies comparable with what is obtained
for the radial layers of the other three partitions, all set within an interval of ± 2 ns. The
relative precision of ∆cosmics
beam
has larger differences although still below 4 ns; in this comparison
the first radial layer from EBA is not considered. For LBA the three layers show precisions
around 2.5-2.7 ns. For LBC a precision of 3.4 ns is measured for the first radial layer but for the
econd and third radial layers the precision is much better and around 1.0-1.2 ns. Finally for
the EBC the worse precision is also for the first radial layer with a value of 3.2 ns, but the third
radial with a value of 2.9 ns is not that good; the second radial layer shows a better precision
with a value of 1.94 ns. All these differences are rather small and can be summarized in a
statement: if the first radial layer of the EBA partition is excluded all other have accuracies
better than 2 ns and precisions better than 4 ns.
In Figure 6.20 the tcell
cosmics
is plotted against the tcell
beam
including and excluding the first
radial layer for all partitions. It is seen that after excluding the first radial layer from all
partitions the diagonal that establishes the correlation between the two quantities is enhanced
although a few outliers are still visible.
The source of these outliers can be deduced looking at Figures 6.17 and 6.18 where the
∆cosmics
beam
is detailed per module and partition. For each partition are presented the average
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A cells
Partition #Cells Average Std.Dev.
(ns) (ns)
EBC 95 -0.80 ± 0.33 3.20 ± 0.23
LBC 261 1.57 ± 0.21 3.40 ± 0.15
LBA 283 0.66 ± 0.16 2.63 ± 0.11
EBA 127 -10.79 ± 0.58 6.57 ± 0.41
BC cells
Partition #Cells Average Std.Dev.
(ns) (ns)
EBC 191 0.24 ± 0.14 1.94 ± 0.10
LBC 495 -0.24 ± 0.05 1.03 ± 0.03
LBA 525 -0.13 ± 0.12 2.71 ± 0.08
EBA 226 0.12 ± 0.24 3.66 ± 0.17
D cells
Partition #Cells Average Std.Dev.
(ns) (ns)
EBC 122 -0.88 ± 0.27 2.94 ± 0.19
LBC 173 -1.35 ± 0.09 1.18 ± 0.06
LBA 195 -1.30 ± 0.12 1.73 ± 0.09
EBA 173 -1.35 ± 0.09 1.18 ± 0.06
Table 6.27: Relative accuracy and precision of cosmic ray muons and single beam
time offsets measurements detailed per radial layer.
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Figure 6.20: Correlation between the time offsets measured with the 2008 single beam
data and cosmic ray muons data from the same period.
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Partition Cells Average Std.Dev.
(ns) (ns)
EBC 313 -0.20 ± 0.14 2.44 ± 0.10
LBC 668 -0.53 ± 0.05 1.18 ± 0.03
LBA 720 -0.44 ± 0.09 2.53 ± 0.07
EBA 368 -0.41 ± 0.20 3.80 ± 0.14
ALL 2069 -0.43 ± 0.05 2.48 ± 0.04
Table 6.28: Relative accuracy of cosmic ray muons and single beam time offsets
measurements. Excluding the first radial layer – A cells – of each Tile
Calorimeter partition.
and standard deviation including the first radial layer (LEFT) and not including the first
radial layer (RIGHT). The first comment is that the benefit of removing the first radial layer
is very large for the EBA partition. For the other LB partitions both accuracy and precision,
improvements are seen. For the EBC partition the differences are residual and nothing can be
advanced on any visible improvement in the relative accuracy and precision. The modules
appearing out of average are the origin for the outliers still present in Figure 6.20 (b). In what
follows the first radial layer – A cells – will be excluded and the above quantities recalculated.
Is there a visible explanation on all the presented numbers that could give a stronger argument
to this rejection is the question that may occur to the reader. The answer is that there are some
hints that can partially do it:
• It was observed that the cells in this layer were the ones with less measurements (Cf.
Figure 6.6).
• The A layer cells showed for all partitions also worse precision (Cf. Table 6.22).
• The signal to noise difference, that is small for the cells in the first radial layer.
But this are general comments over the data and do not justify the particular behaviour of the
cells in the EBC partition. For now no final understanding was found for this misbehaving.
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Figure 6.21: Relative accuracy of cosmic ray muons and single beam time offsets
measurements. Excluding the first radial layer – A cells – of each Tile
Calorimeter partition.
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Partition Eff. Mean σ χ2 NDF
(ns) (ns)
EBC 308 (98%) -0.37 ± 0.08 1.43 ± 0.08 11.16 6
LBC 665 (99%) -0.49 ± 0.04 0.88 ± 0.03 20.30 5
LBA 710 (98%) -0.57 ± 0.04 0.91 ± 0.03 25.39 6
EBA 358 (97%) -0.69 ± 0.06 1.18 ± 0.06 14.81 7
ALL 2041 (98%) -0.54 ± 0.02 1.02 ± 0.02 69.21 7
Table 6.29: Results from a gaussian fit between [-5,5] ns for the relative accuracy of
cosmic ray muons and single beam time offsets measurements. Excluding
the first radial layer – A cells – of each Tile Calorimeter partition.
6.5.2 Single beam vs Cosmics: Excluding the first radial layer
In Figure 6.21 and Table 6.28 are presented the results after excluding the first radial layer. It is
seen now that all partitions have relative accuracies below 0.6 ns and precision better that 4 ns.
Making use of Table 6.25 it can be accounted that these cells correspond to 78% of the BC and
D cells, and 46% of the total number of cells. The expected distribution for this measurement
must be gaussian for the correlated events and for this reason a gaussian fit using as fitting
interval [−5,5] ns is applied. The corresponding results are summarized in Table 6.29. From
the fit and for the combination of cells from the four partitions a mean of (0.54±0.02) ns and σ
of (1.02±0.02) ns are obtained. The two measurements agree within 2 ns on per cell level and
refer to 98% of the measured time offsets for the second and third radial layers.
6.6 Re-evaluation of the Time Offsets
In the previous section it was shown that the time offsets measurements using cosmic ray
muons and single have a strong disagreement that amount to about 10 ns for the first radial
layer of the EBA partition. For the other partitions it is also for the first radial layer that large
spreads are observed when comparing the two measurements. It can be concluded that the
first radial layer should be looked in separate. However the other two layers show a very
good agreement and for reasons of completeness this forces us to revisit the partition averages





EBC -2.3 ± 0.2 3.1 ± 0.1
LBC 9.6 ± 0.1 1.6 ± 0.0
LBA -3.0 ± 0.2 4.5 ± 0.1
EBA -12.7 ± 0.2 4.4 ± 0.2
Table 6.30: time offsets measured using cosmic ray muons data for each Tile
Calorimeter partition from cells of the second (BC cells) and third (D cells)
radial layers.
of the first radial layer has an important effect on the precision, larger than or of the order of
1 ns, for the LBC and EBA partitions. The agreement with beam data in these conditions is
now better than 0.5 ns for all partition.
6.7 Summary
A measurement of the time offsets of Tile Calorimeter was carried out with 0.5 M cosmic ray
muon events, acquired in the 2008ATLAS commissioning phase using theMuon Spectrometer
RPC trigger. The measurements could be performed for 62% of all Tile Calorimeter cells,
broken down into 40% of the A cells, 75% of the BC cells and 82% of the D-cells.
It was shown that the sensitivity of the measurement is adequate since even for a small
offset of 0.5 ns an accuracy of 2%, obtained for a BC cell of the LB. A more general test was
done by applying a [-5.,5.] ns random fake offsets to the current measurement. The global
result was extremely good showing that the method’s precision and accuracy are both better
than 1 ns. A further validation was carried out with a detailed comparison with the single
beam timing results.
The main results of this analysis can be summarized according to the component of the
time calibration that they probe - inter-partition, inter-module and intra-module (as outlined
in section 3):
Inter-partition The average offsets per partition were not expected to be the same since
the laser system had not carried out this correction. The measured averages show significant
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Partition 2008 Single Beam Cosmic ray muons Cosmic ray muons
(ALL layers) (NO layer A cells)
(ns) (ns) (ns)
EBC -12.3 -12.0 -11.9
LBC 0 0 0
LBA -12.0 -12.2 -12.6
EBA -22.2 -18.9 -22.4
Table 6.31: Summary of time offsets measurements from single beam [30] and cosmic
ray muons. For cosmics the time offsets are given for ALL radial layers
and excluding the first radial layer (A cells).
discrepancies between the fourpartitions of TileCalorimeter, of the order of 10ns. Considering
only the second and third layers, the results are in agreement within 0.5 ns with the
measurements performed with single beam data.
In Table 6.31 the final results obtained for 2008 single beam data and cosmic ray muons
data are presented. Only the partitions averages are presented and these are recalculated
relatively to the LBC partition. This table shows that the inter-calibration offsets derived from
cosmic raymuons are in full agreement with 2008 single beam data. When including all radial
layers themis-match is only important for EBA partition as could be expected from the results
presented along this chapter.
Inter-module Within each partition, the spread of the module averages allow us to verify
the inter-module calibration, that had been carried out with the laser system. For the Long
Barrel partitions, the agreement is quite good, within ±2ns. It is slightly worse for the EBA
partition, and shows a systematic offset of about 5 ns for the first eight modules of the EBC
partition. This result is consistent whit what had been found for an equivalent measurement
carried out with the single beam data [30]. Resulting this offset from a poor account for those
modules of the length of the clear fibers.
Intra-module The quality of the intra-module calibration can be evaluated by the standard
deviation of the measurements within each module, and of the differences of these
measurements with respect to the single beam. The results show differences between the
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6.8 Present status of Tile Calorimeter synchronization
(a) 2009 (b) 2010
Figure 6.22: Tile Calorimeter cells time measurements from single beam data vs z : (a)
single beam 2009 data (b) single beam 2010 data after using single beam
2009 for cells synchronization.
radial layers - apart from a few outliers, for the BC and D cells the intra-module calibration is
established to about 1 ns for the Long Barrel and 2 ns for the Extended Barrel. The results are
worse for the first layer, showing spreads of about 6 ns.
6.8 Present status of Tile Calorimeter synchronization
In the fall of 2009 with the start-up of the LHC new single beam runs were taken. The
Tile Calorimeter took advantage of this by producing an update on the synchronization of
cells. The procedure was the same as described in Section 6.2.1. The results of the time
measurements with single beam data in 2009 are in Figure 6.22a. As before it is shown the
distribution of the cell time for the three radial layers against the zcell coordinate. Although
with smaller offsets than the ones observed in 2008 the Tile Calorimeter cells still show an
offset of 4 ns for the LBCpartition and quite small but visible offsets in the other 3 partitions but
not surpassing 1 ns. In order to synchronize all the calorimeter cells the 2009 measured offsets
were used to correct the database time constants. In 2010 there was again the opportunity to
collect data in single beam running mode. The cell time results are shown in Figure 6.22b. It
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Figure 6.23: TileCalorimeter cells time in 2010 after synchronizationusing single beam
data from 2009. In this histogram 97% of the Tile Calorimeter cells are
used.
is seen that the synchronization was successfully achieved using single beam 2009 data. All
the Tile Calorimeter partitions have all cells within a window of ±1 ns. The distribution of the
timemeasurements for all cells is draw. This is what can be seen in Figure 6.23. Themeasured
accuracy of the cell synchronization is of 0.02 ns with a precision of 0.45 ns. This is better than
what was achieved with 2008 data when 1 ns [30] was obtained for this quantity. Recently
other methods for the synchronization are under study using particles from collision data, but
when no beam is available the results with cosmic ray muons discussed in this chapter have
shown to have a good precison for the measurements of the time offsets and synchornization
of the Tile Calorimeter.
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7 Conclusions
A new era in particle physics started this year, 2010, with the first 7 TeV p-p collisions at the
Large Hadron Collider. The high quality of the first results, with a good match between data
and Monte-Carlo predictions, would not have been possible without the intensive effort of
the whole ATLAS collaboration during the commissioning of the detector between 2005 and
2009. The work of this thesis was a contribution to this phase of the ATLAS experiment, using
data from cosmic ray muons and from the 2008 single beam.
In the initial commissioning period of the Tile Calorimeter, cosmic ray muons were used
to monitor the operation of the detector, detect dead or noisy channels, evaluate the coarse
trigger timing setup, test the reconstruction software, etc. For a considerable period, these data
provided a contribution to the evaluation of the status of the calorimeter, complementary to
the calibration systems. The main topic of this thesis is the certification of the Tile Calorimeter
calibration, in terms of energy scale and synchronization.
The timing and energy response of TileCal will play an important role in the physics
discoveries that are just around the corner. These are fundamental quantities in the jets and
missing transverse energy reconstruction, to clean up the data from non-collisions events, for
tests and searches in the standard model and to probe for new physics.
A preliminary result using cosmic ray muons to validate the energy scale was done in
2006 using 16 Tile Calorimeter modules. This was based on the energy response balance of
the two channels the in read-out of each cell. The results showed a good response uniformity
of < 5% for all investigated modules, and < 1 % for those calibrated at testbeam. This was
one of the earliest results of the Tile Calorimeter electromagnetic energy scale in the cavern.
After using the cesium system to calibrate the Tile Calorimeter energy response, it was
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necessary to measure the electromagnetic energy scale using an independent method with
high energy particles. Cosmic ray muons were the only available option for a source of such
particles. The analysis described in this thesis uses the ratio of the energy deposited per
crossed path length (for simplicity, referred to as energy loss, or dE/dx) in order to probe the
energy scale settings and uniformity. In this analysis the track reconstruction is done with the
TileMuonFitter (TMF) algorithm that only uses the information from the Tile Calorimeter. In
previous analyses an inner detector track was required for the selection of a cosmic ray muon
(IDtrack method). A comparison between the two analyses is made.
The energy loss results have shown an agreement between data and Monte-Carlo
simulations within 5%. The systematic contributions to this measurement were investigated
and their contribution was measured to be 7% for data and 5% for data/MC ratio. It should be
noted that all contributions were assumed to be independent which overestimates the global
systematic error. The TMF results showed that there is a discrepancy between the radial layer
A and radial layer D. The results of TMF with a difference of the order of 3%, are consistent
within the systematic errors with the 5% measured with the IDtrack method. Overall the
global energy scale was validated with an independent technique.
The analysis is also focused on the uniformity in φ of the energy response of Tile
Calorimeter. The energy loss uniformity was measured with the TMF method using two
different data streams both triggered by the RPCs of the muon spectrometer: one selecting
muons crossing the inner detector volume and the other accepting all triggered muons.
Although statistics was limited, due to the separation of the data by modules, the usage
of the large acceptance data stream allowed to increase the coverage for the A and BC cells.
The response was consistent for both data streams and the uniformity was measured to be
better than 5% for all three radial layers.
Cosmic ray muons were also used in the synchronization of the Tile Calorimeter. The
first data analyzed was with the 2006 setup with only 16 Tile Calorimeter modules being used
in themeasurements. The first laser results had been applied to synchronize these 16modules.
Measurements from cosmic raymuons allowed to obtain a first inter-module synchronization
within ± 1 ns using the time of a tower as the input to the analysis. With the progressing of the
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installation of the detector in the ATLAS cavern, the previous method had to be re-designed
to be able to measure the time offsets of all the calorimeter modules and calculate the time
offsets per cell. The results showed that after the removal of the less accurate first radial layer
measurements, this precision was of about 2 ns for the Long Barrel inter-module offsets, and
for all intra-module offsets. The inter-partition average results agree with the single-beam
measurements within 0.5 ns.
The results showed that, as a complement or alternative to the laser system, it is possible
to measure the TileCal time offsets between beam runs using cosmic ray muons. The results
have shown that, as a complement an alternative to the laser system, the Tile Calorimeter
synchronization with cosmic muons is robust and accurate to be used during the LHC
shutdowns or using data accumulated between beam runs.
So now it can be concluded that the main goals of this thesis, the energy scale and
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